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ABSTRACT 
Eukaryotic translation initiation is an important step for gene expression. This 
process is stimulated by the interaction of 5' cap and 3' poly (A) tail mediated by trans-^c\mg 
factors. Positive sense viral RNA can differ from the cellular mRNA by lacking either a 5' 
cap, or 3' poly(A) tail or both. Therefore, various strategies have evolved by the RNA 
viruses to achieve efficient translation. Barley yellow dwarf virus-PAV serotype (BYDV-
PAV) lacks both a 5' cap and 3' poly(A) tail. I found that a sequence (called 3'TE for 3' 
translation enhancer) at the 3'UTR of barley yellow dwarf virus-PAV serotype (BYDV-
PAV) genome stimulates translation of uncapped mRNA in the presence of 5'UTR of 
genomic RNA both in wheat germ extract and in oat protoplasts. The function of the 3'TE 
can be also supported by the 5'UTR of subgenomic RNAl. A four base duplication 
(GAUC) in the 3'TE region abolished the stimulatory effect of the 3'TE. There is no 
difference in mRNA stability between mRNAs bearing wildtype 3'TE and those bearing the 
defective 3'TE. Capping of the mRNA with the defective or without the 3'TE restored its 
translatability. Moreover, the four base duplication in the 3'TE eliminated virus infection. 
In trans, the 3'TE RNA can inhibit translation of both uncapped mRNA containing 3'TE and 
capped mRNA that lacks any BYDV-PAV sequences. This rra/w-inhibition of translation 
can be reversed by the addition of exogenous eIF-4F (eukaryotic translation initiation factor 
4F). The importance of the 3' TE to stimulate translation of uncapped mRNA is also 
illustrated by the fact that the antisense RNA of 3'TE can inhibit the translation. Judged by 
tiie inhibitory effect of antisense RNA of the 3'TE on the translation of uncapped mRNA, it 
is found the 5' end of BYDV-PAV virion RNA is not capped. The 3'TE RNA mimics the 
function of the subgenomic RNA2 in tiranslation inhibition in trans. The 3'TE RNA or 
subgenomic RNA2 of BYDV-PAV rroTW-inhibits translation of genomic RNA more 
significantiy than tiiey inhibit subgenomic RNAl. A model of the 3'TE function during 
vi 
BYDV-PAV replication is proposed, in which the 3'TE sequence of the subgenoniic RNA2 
acts as a regulatory RNA to inhibit translation of genomic RNA at the late stage of virus 
replication. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation describes the discovery of the mechanism of translational control of 
gene expression of barley yellow dwarf virus, PAV serotype (BYDV-PAV), RNA by a 
sequence in the 3' untranslated region (UTR). Specifically, my Ph.D. research has focused 
on how viral RNA that lacks a 5' cap and a poly(A) tail is translated efficiently in the 
eukaryotic host cells, in which eukaryotic translation machinery is designed for translation 
of capped and polyadenylated cellular mRNAs. The diesis is divided into five chapters, 
three of which are presented as papers. In chapter 1, die fundamental background of 
eukaryotic translation initiation and its control, as well as molecular biology of B YDV is 
provided to serve the foundation for the following chapters and justification of the 
significance of this particular research project for my Ph.D. study. Chapter 2 describes the 
discovery of a sequence (called 3'TE for 3' translation enhancer) in the 3'UTR that 
stimulates translation of uncapped mRNA in vitro. This chapter was published in Journal of 
Biological Chemistry . Chapter 3 summarizes the study of 3'TE function in vivo and 
exploration of the mechanism of 3'TE to stimulate translation of uncapped mRNA. This 
chapter has been organized into a paper and submitted to EMBO Journal. In chapter 4, the 
3'TE was placed back in the context of whole viral genome and its role in regulation of virus 
replication was examined. This chapter has been organized into a paper ready for 
submission. Finally, the contribution of this sOidy to the molecular virology and potential 
application in biotechnology is summarized in the chapter 5. The results that do not fit into 
the above three papers have been organized in the Appendix. 
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Introduction 
Translation is an important step of regulation of gene expression. This is especially 
true for eukaryotic cells, because transcription and translation are uncoupled in eukaryotic 
gene expression. Although the study of translation could be traced back to 1960s, this 
important step of gene expression, to some extent, has been underestimated, compared with 
the transcriptional control. Recently, more and more evidence has shown that translational 
control is critical for the early development of mammalian embryos, and is responsible for 
the normal cell growth and differentiation (Hershey et al., 1996). Also, it has been found 
that many viral RNAs use various strategies to express their own genes by modifying the 
cellular translation machinery. Therefore, the mechanism of translation of eukaryotic cellular 
mRNA has received more and more attention. 
Translational control, by definition, is to compare the level of a specific mRNA to the 
rate of its translation (Wickens et al, 1996). Translational control is at the initiation stage for 
most of the eukaryotic mRNAs. This observation conforms to the biological (and logical) 
principle that it is more efficient to control a pathway at its outset than to interrupt it in the 
middle, by which can avoid accumulating intermediates as byproducts (Mathews et al., 
1996). 
Translation initiation is a complicated process that involves about 2(X) species of 
proteins and RNA components. It can be divided into three steps (Fig. 1). The first step is 
the formation of ternary complex consisting of eIF2, Met-tRNA"™" and GTP. The second 
step is the attachment of 43 S preinitiation complex (consisting of 40S subunit of ribosome, 
the ternary complex and other initiation factors) to the mRNA. The third step is the joining 
of 60S ribosomal subunit to the 43S preinitiation complex to form a complete translating 
ribosome at the start codon. It is the second step that is a major control point in the cellular 
mRNA and viral translation. In addition, this step is particularly pertinent to this study. 
Therefore, emphasis is placed on this process in the following general introduction. 
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step 1: Formation of 43S preinitiation complex 
,GTP 
Met-tRNA + GTP + (eIF3 • (eL W Met-tRNA-^ (ternary complex) 
Met-tRNA preinitiation complex) 
step 2: Attachment of 43S complex to the mRNA and scanning 
a. removal of secondary structure in the 5' end of mRNA 
o 
AUG UAA 
m7GpppN-Q(4A)^ 
T 4G 
-AAAAA 
b. attachment of 43S complex to the mRNA and scanning 
^GTP 
Met-tRNA 
m/Gppp 
AUG UAA 
-AAAAA 
step 3. Joining of 60S ribosomal subunit to the preinitiation complex at the start 
codon and methionine is placed into P site of ribosome. 
GTP 
Met-tRNA^ 
m7GpppN-
UAA 
-AAAAA 
Figure 1. See text for explanation. Factor abbreviation: 4E: eIF-4E; 4G: eIF4G; 
4A: eIF-4A; 4B: eIF-4B; 3: eIF-3. 
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Ribosomal scanning model of eukaryotic translation initiation 
Translation initiation in prokaryotic ceils requires the specific binding of the 16S 
ribosomal RNA to the purine rich sequence in the 5'UTR of mRNAs, which is called the 
Shine-Dalgamo sequence (Shine and Dalgamo, 1974). The conserved Shine-Dalgamo 
sequence is 5' -GGAGGU-3'. 
Translation initiation of eukaryotic cellular mRNAs differs from that of prokaryotic 
mRNAs in that the former lacks die conserved Shine-Dalgamo sequence at the 5TJTR. All 
eukaryotic cellular mRNAs have a 5' cap structure (m^G(5')ppp(5')N, N is any nucleotide) 
that is formed by the guanosine triphosphate linked with the first nucleotide by a 5'-5' 
linkage. The cap structure is essential for the cellular mRNA translation (Shatkin, 1976). 
Also, it is involved in the transport of RNA from nucleus to cytoplasm (Georgiev et ai, 
1984), protection of mRNA from degradation (Furuich et ai, 1977), and pre-mRNA 
processing (Edery and Sonenberg, 1985). The importance of this ubiquitous 5' cap 
structure in translation was reinforced with the discovery of cap binding protein (eIF-4E, for 
eukaryotic initiation factor 4E). eIF-4E can specifically bind to the 5'cap structure and cross­
link with the 5' cap. Another feature of cellular mRNA translation is that 90-95% of the 
mRNAs use the first AUG start codon to translate (Kozak, 1987). To account for these 
features of eukaryotic translation initiation, the ribosomal scanning model was proposed 
(Kozak, 1989). According to this model (Fig. 1), the 43S preinitiation complex composed 
of tRNA-eIF2-GTP ternary complex and the ribosomal small subunit, attaches to the 5' end 
of the mRNA, with the help of translation initiation factors, especially via specific binding of 
eIF-4E and the 5' cap structure. Then this 43S complex scans Unearly along the mRNA 
from 5' to 3' until it meets with the first AUG start codon. If this AUG is in the optimal 
context (see below), the 60S ribosomal subunit joins the 40S subunit and the methionine 
carried on the tRNA™' is placed in the P site of ribosome and translation starts. For the 
purpose of this dissertation, only the features of mRNA that determine the translation 
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initiation efficiency are considered. The process of ternary complex (eIF2-tRNA""-GTP) 
formation and the regulation of this process is reviewed by Merrick (1992), Hershey (1991) 
and Merrick and Hershey (1996). 
Although the scanning model emphasizes the 5' cap and cap binding complex 
recognition, this model itself does not exclude its application to the translation of uncapped 
mRNA. This is supported by the recent finding that when an uncapped mRNA is produced 
in vivo by placing the reporter gene under the control of an EINA polymerase lH promoter 
(transcript of the RNA polymerase in is not capped), translation of this mRNA is inhibited 
by placing an out-of-frame upstream AUG (Gunnery and Mathews, 1995). Although 
translation of uncapped mRNA lacks the interaction between the 5' end and eIF-4E, 
translation of an uncapped mRNA does require eIF-4F activity. The only difference between 
translation of these two species of mRNA is the level of eIF-4F required for efficient 
translation. It is likely that because of the lack of specific recognition between 5' end of 
uncapped mRNA and eIF-4E, the requirement of eIF-4F for efficient translation of uncapped 
mRNA is much higher than that of capped mRNA (Retcher et al., 1990; Timmer et al., 
1993). Probably, it is the helicase activity of eIF-4F that is required for translation 
initiation (see below), even for the uncapped mRNA. Consistent with this idea, only with 
uncapped mRNA can eIF-4F proteolytically cleaved in its eIF-4G subunit, substitute for the 
intact eIF-4F holoenzyme (Ohlmann et al., 1995). 
Translation initiation factors tliat participate in the binding of ribosome to 
the mRNA 
Attachment of the small subunit of the ribosome to the mRNA involves many 
translation initiation factors. Of particular interest is the eIF-4 group, composed of eIF-4A, 
4B, 4E, 4F, and 4G (Fig 1). According to the ribosome scarming model of translation 
initiation, the first step is the recognition of the cap structure by eIF-4E. eIF-4E is a 25 kDa 
6 
protein that can crosslink to the 5' cap directly. It is one of the three components of eIF-4F, 
cap binding complex. The other two components are eIF-4A and eIF-4G. eIF-4E is the 
least abundant initiation factor, at about 0.02 copies (Duncan et ai, 1987) or 0.2 copies 
(Hiremath efa/., 1985) per ribosome. 
eIF-4A (46KDa) is one of the most abundant initiation factors (3 copies per 
ribosome) in Hela cells (Duncan and Hershey, 1983). eIF-4A exists either in a fi:ee form or 
as a subunit of the eIF-4F complex (Conroy et ai, 1990). It is an RNA dependent ATPase. 
This factor is the member of the DEAD box proteins that share the consensus DEAD 
sequence motif involved in the ATP binding that possess helicase activity. It is proposed 
that a conformational change is induced when ATP binds to eIF-4A. This conformational 
change allows the arginine rich domain to bind the mRNA, and RNA binding in turn induces 
ATP hydrolysis followed by more stable RNA binding (Pause et ai, 1993; Pause and 
Sonenberg, 1992). Although eIF4A can exist in both free form and in the form of a complex 
with eIF-4E and eIF-4G, the latter one is more likely the functional form in mammals. This 
is because a dominant negative mutant of eIF-4A can inhibit translation and addition of 
exogenous eIF-4F relieves the inhibition (Pause etal., 1994b). 
The third component of eIF-4F is eIF-4G. This protein was previously called p220, 
because of its apparent molecular weight on the SDS-PAGE gel. However, die mammaUan 
eIF-4G cDNA codes for a protein of 154 kDa (Yan et al., 1992). eIF-4G is cleaved at 
Arg486 (Lamphear et ai, 1995) by poliovirus infection. A major function of eIF-4G during 
translation initiation is to bring the eIF-4E close to eIF3-bound small ribosomal subunit. 
eIF-3 is a large complex consisting of at least eight subunits. It is an RNA binding protein 
complex. One of its fimction is to bind to 40s ribosomal subunits (Fig. 1). The 'bridge' 
role of eIF-4F brings the 40S subunit of ribosome close to 5' end of mRNA, consistent with 
the ribosomal movement direction of 5'—>3'. In addition, eEF-4G has heUcase activity by 
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itself and has an RNA binding domain that enables non specific binding to RNA (Jaramiilo et 
al., 1991). Interestingly, as eIF-4G plays an important role in the cap-dependent translation, 
translation of its own mRNA is regulated through a cap-independent manner (see below). 
In contrast to the mammalian eIF-4F, purified plant eIF-4F from wheat germ appears 
to have only two subunits (p26 and pI26). Moreover, plant eIF-4F has an isoform, called 
eIF-(iso)4F, which contains 281cDa and 86kDa subunits (Browning, Lax, and Ravel, 1987). 
Sequence aligiunent suggested that these two subunits are related to mammalian eIF-4E and 
eIF-4G, respectively (Allen et al., 1992). 
The secondary structure at the 5' end of mRNA is melted by the helicase activity 
(Fig. 1). The helicase activity of eIF-4A and eIF-4G is further promoted by eIF-4B. elF-
4B is an 70kDa RNA binding protein that also has heUcase activity. The exact roles of 
eIF4B in the translation initiation are lacking. Taken together, eIF-4F fiinctions together 
with eIF-4B in the unwinding of the mRNA 5' secondary structure to facilitate ribosome 
binding. 
The current ribosome scarming model is: eIF-4F rather than eIF-4E alone, binds to 
the 5'cap structure (Fig. 1), because eIF-4E as a subunit of eIF-4F crosslinks to the cap 
more efficiently than eIF-4E alone (Lee et al., 1985). Binding of elF-4F to mRNA is 
followed by the association of eIF-4B and melting of secondary structure. The single strand 
RNA region created by the heUcase activity of eIF-4F and eIF-4B serves as ribosome 
binding site. Then the 43s preinitiation complex starts to scan from 5' to 3' (Sonenberg, 
1996). 
During the translation initiation stage, ribosome binding to the mRNA is a critical 
step. Within this step, component eIF-4E is the rate-limiting factor for translation initiation. 
Thus, regulation of eEF-4E level, or more precisely, regulation of eIF-4E activity, in the cell 
is very important for the normal cell cycle. This concept is underscored by the finding that 
overexpression of eIF-4E in rodent cells results in malignant transformation (Lazaris-
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Karatzas et ai, 1990). The activity of eIF-4E is regulated through its phosphorylation. 
Phosphorylation appears to enhance eIF-4E activity, since only the phosphorylated form of 
eIF-4E is present in the 48S mRNA-ribosome complex (Joshi-Barve et aL, 1990). There is 
an excellent correlation between the phosphorylation state of eIF-4E and translation rates in 
vivo. For example, during mitosis or following heat shock, translation is reduced 
correspondingly with a reduction in eIF-4E phosphorylation. According to the current 
ribosomal scaiming model, it is the eIF-4F instead of eIF-4E that interacts with the 5' cap as 
a first step for ribosome binding to mRNA. Thus, the level of phosphorylated eIF-4E that 
correlates with translation needs to be transformed to the level of active eIF-4F. In another 
words, cells must have a mechanism to control die activity of eIF-4F (with phosphorylated 
eIF-4E in it) to keep the normal cell growth. This concept is supported by the finding of two 
eIF-4E binding proteins, 4EBP1 and 4EBP2 (Pause et aL, 1994a). The activity of eIF-4F 
is, thus further regulated by these two eIF-4E binding proteins. Binding of eIF-4E by either 
4EBP1 or 4EBP2 can prevent the eIF-4E from forming the eIF-4F complex . This is 
because of the existence of similar binding site for eIF4E in both the eIF-4G and two eIF-4E 
binding proteins. The existence of such an intricate network of regulation of eIF-4F activity 
in the cell highlights the important role of eIF-4F in the regulation of translation. 
Features of mRNA structure in determining translation efficiency 
1. m/G Cap structure 
The cap structure enhances translation of mRNAs in cell lysates, such as wheat germ 
extract and rabbit reticulocyte lysate, and in cells transfected with mRNAs. Although 
dependence on the cap structure of mRNA for efficient translation in vitro varies depending 
on the translation system and individual mRNA, translation of most mRNAs in vivo is 
rigorously cap-dependent. 
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2. First AUG rule 
90-95% of 699 vertebrate mRNAs (Kozak, 1987), as well as 95% of yeast mRNAs 
(Cigan and Donahue, 1987) use the first AUG (5' proximal) for translation initiation. 
Occasionally, a non AUG is used as start codon. Recentiy, primary sequences that 
determines the use of non AUG start codons was determined (Jackson, 1995). 
3. Sequence context surrounding the first AUG 
A survey of 699 vertebrate mRNA revealed that (A/G)CCAUGG is the consensus 
sequence for translation initiation in higher eukaryotes (Kozak, 1994). Site directed 
mutagenesis experiments in which the nucleotides flanking the AUG are changed confirmed 
the importance of this consensus sequence for efficient translation (Kozak, 1986b). A 
purine (usually A) in position -3 is the most highly conserved nucleotide in all eukaryotic 
mRNAs, including those vertebrates and plants (Cavener and Ray, 1991). A mutation in 
that position affects translation more significandy than a point mutation anywhere else 
(Kozak, 1994). If the AUG lacks an optimal consensus sequence, some of the ribosomes 
may pass over it to initiate at a downstream start codon. This process is called leaky 
scanning. Most of mRNAs employing this leaky scanning mechanism are of viral origin 
(Kozak, 1991a). 
4. Length ofS'UTR 
Most mammalian mRNAs have 5' untranslated region (5'UTR) of 50-70 nucleotides 
(Kozak, 1987), although the extreme examples can be as short as 3 nucleotides and as long 
as 1000 nucleotides. There is no obvious correlation of 5'UTR length and translation 
efficiency. However, leaders that are very short are less efficiently translated (Kozak, 
1991b). 
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J. Secondary structure in the 5'UTR 
Strong secondary structure in the 5'UTR can inhibit translation initiation. The 
intiibition is more severe when the secondary structure is close to the 5' terminus of mRNA 
(Kozak, 1986a). Presumably the strong secondary structure blocks the scanning of 
ribosomes and/(or) initiation factors. This steric hindrance can be fiarther enhanced with the 
help of protein factors that bind to the secondary structure. A well-studied example is the 
ferritin mRNA (Rouault and Klausner, 1996). There is a stem-loop called an iron 
responsive element (IRE) at the 5' UTR of this mRNA. Two RNA binding proteins can 
specifically bind to this stem-loop, and hence inhibit translation (Kim et a/., 1995). This 
steric hindrance formed by the binding of protein to the secondary structure of mRNA is 
regulated by the iron abundance in the cell (Basilion et al., 1994). 
6. Upstream AUGs or small ORFs 
Existence of upstream AUGs (which form small ORFs) decreases translation of the 
downstream main coding region. This holds true for most of the cellular mRNAs, but not 
those that use internal translation initiation mechanism and some viral RNAs (see below). 
An interesting observation is that most mRNAs that have upstream AUGs tend to encode 
regulatory proteins such as transcription factors, growth factors and protooncogene product 
(Kozak, 1991a). It is believed that the upstream AUGs on these mRNAs have translational 
regulation of the gene expression (Geballe and Morris, 1994). 
Internal translation initiation 
Although the ribosomal scanning model can explain most of the eukaryotic cellular 
mRNA translation, it was challenged by the translation of picomavirus RNA. Picomavirus 
genomes are positive sense, single stranded RNA about 8kb in length. They are 
polyadenylated at 3' ends and not capped, but covalently attached to a small protein, VPg, at 
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the 5' ends. Strikingly, the 5' UTR of the picomaviral are from 600 to 1200 
nucleotides in length. Moreover, there are numerous unused AUG triplets as well as a 
complex predicted secondary structure. Some of the picomaviruses (e.g. poliovirus) shut 
off the host cap-dependent translation by cleaving one of die components (eIF-4G) in eIF-4F 
during virus replication. To account for translation initiation for picomavirues bearing these 
unusual structure features in the 5' UTR and its cap-independent translation, an intemal 
translation initiation model was proposed (Jackson, 1991; Kaminski era/., 1994). This 
model states that a fragment of 5'UTR (about 450 bases) of picomavims RNA serves as an 
intemal ribosome entry site (called IRES) for the direct entry of ribosome without scanning 
from a free 5' end. The most convincing evidence for this model came from the experiment 
of dicistronic mRNA translation (Jang et ai, 1988; Pelletier and Sonenberg, 1988). In this 
experiment, the tested 5' UTR fragment from picomavims RNA was placed in the 
intercistronic region of two genes on a single mRNA. The downstream cistron was 
translated whether or not the upstream cistron was translatable. More recendy, it was found 
that circular RNAs containing IRES could bind to the ribosome and direct translation of the 
predicted protein product (Chen and Samow, 1995). 
By definition, intemal translation initiation does not require the recognition between 
the 5' end and cap binding complex. In addition, one of the hallmarks of the poliovirus 
infection (one group of picomavims) is the cleavage of eIF-4G, one of the three components 
of cap binding complex. However, some data indicate that eIF-4F can stimulate translation 
of intemal translation initiation. eIF-4G functions as a scaffold in the cap-dependent 
translation by binding eIF-4E at the amino-terminus and eIF4A and eIF3 at the carboxy-
terminus (Lamphear et al., 1995). Thus, the carboxyl-terminal portion of eIF-4G, bound to 
eIF-4A and ribosomal subunit via eIF3 would remain available for translation of RNAs that 
are not dependent on a 5' cap. Therefore, exogenous eIF-4F added to the picomavims 
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infected cells extract, in fact provides more translation components with helicase activity for 
internal initiation. 
The inhibition of cap-dependent translation of the cellular mRNAs is certainly a 
strategy of poliovirus to eliminate competition for essential cellular components by 
employing an internal initiation mechanism. The question is whether the internal initiation 
mechanism can also be used by the cellular mRNAs. Considering the limiting source of elF-
4F (mainly because of limiting eIF-4E), the cellular mRNAs that are able to use internal 
initiation of translation will still be translated when the cap-dependent translation machinery 
is shut off by virus infection or some other external stimuli, such as heat shock. Search for 
IRES in cellular mRNAs revealed that Bip mRNA (coding for immunoglobulin heavy chain 
binding protein) (Samow, 1989) has an internal initiation signal. Interestingly, there is no 
sequence or structure similarity between the IRES in the cellular mRNA and picomavirus 
RNA. 
Role of the 3' end of mRNA in the regulation of translation initiation 
Both the ribosomal scanning model and internal translation initiation models require 
the ribosomal moving in the 5'—>3' direction on the mRNA. Neither of these two models 
takes into account of the role of 3'UTR on the mRNA in translation initiation. In fact, more 
and more evidence indicates that the 3' end of mRNA is actively involved in the translation 
initiation (Jackson, 1993). Therefore, mRNA is more appropriately considered circular, 
mediated by protein factors rather than linear (Jacobson, 1996). This section discusses our 
current knowledge about the role of 3' end of mRNA in translation initiation. Although the 
3' poly(A) tail is part of the 3'UTR, considering the ubiquitous existence of poly(A) tail in 
almost all of the cellular mRNAs (except mammalian histone mRNA), in this section, 3'UTR 
refers only to the sequence other than the poly(A) tail at the 3' end of mRNA. 
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Role ofpoly(A) tail in translation initiation 
Experiments testing the role of poly(A) tail in translation indicated that the 3'poly(A) 
tail had littie stimulatory effect on translation. However, these experiments were performed 
in vitro (either in wheat germ extract or rabbit reticulocyte lysate) (Munroe and Jacobson, 
1990a; Munroe and Jacobson, 1990b). Recently, several experimental systems revealed a 
correlation between mRNA adenylation status and translation activity in vivo. For example, 
electroporation of P-glucuronidase or luciferase mRNAs into plant, animal or yeast cells 
showed that polyadenylated mRNA was expressed at about two orders of magnitude greater 
than mRNA that lacks a poly(A) tail (Gailie, 1991; Gallic etal, 1989; Gallia and Walbot, 
1990). This stimulation requires a 5' cap on the mRNA, suggesting a synergistic effect of 5' 
cap and 3'poly(A) tail (Gailie, 1991). A defect in this system was that it lacks evidence 
showing the difference of the polyadenylated and nonpolyadenylated mRNAs in association 
of polysome, aldiough the reporter mRNA showed no significant difference in EINA 
stabihty. In Xenopus oocyte experimental system, adenylated zein and P-globin mRNA 
were found associated with larger polysomes than their unadenyiated counterparts, indicating 
that the latter mRNA were deficient in translation initiation (Galili et ai, 1988). 
The role of poly(A) tail in stimulating translation is further underscored in vertebrate 
early embryo development. The most well-studied is c-mos gene expression, c-mos 
encodes a protein kinase that is impUcated in the control of the early embryonic cell cycle. 
The Xenopus c-mos mRNA contains signals that cause cytoplasmic polyadenylation. The 
polyadenylated c-mos mRNA is translationally acdve. The signals in the 3'UTR of mRNA 
are sufficient for cytoplasmic polyadenyladon (Paris and Richter, 1990) and can stimulate 
translation when linked to a reporter gene (Sheets et al., 1994). Removal of cytoplasmic 
polyadenylation signals from endogenous c-mos mRNA, achieved by targeted RNase H 
cleavage, causes cell cycle arrest (Sheets et al., 1995), because of lack of c-mos translation. 
The c-mos translation can be restored by microinjection of a prosthetic RNA that brings 
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polyadenylation signal to the amputated endogenous mRNA by base pairing (Sheets et ai, 
1995). These experiments indicate the essential role of poly(A) tail in translation of c-mos 
mRNA. 
The importance of the 3'poly(A) tail in translation suggests the 5' and 3' interaction 
in translation initiation, considering the 5'-43' ribosomal movement direction. A recent 
study showed that this interaction may involve the poly(A) binding protein, a ubiquitous 
protein that specifically binds to poly(A) tail. A close-loop model of mRNA was proposed 
(Jacobson, 1996; Jacobson and Favreau, 1983). It proposes the presence of transient 
pseudo-circular structure for optimal translation. The mediator for this pseudo-circular 
structure could involve both translation initiation factors and poly(A) binding proteins. The 
involvement of translation initiation factors is supported by the study of Gallie and Tanguay 
(1994) who found that eIF-4B and 4F bound both 5' cap and poly(A) tail (Gallie and 
Tanguay, 1994). In another study, it was found that poly(A)-mediated translation 
stimulation was via poly(A) binding protein, whereas the cap binding protein, eIF-4E was 
not required for the poly(A) mediated translation stimulation (Tarun and Sachs, 1995). 
Sucrose gradient centrifugation showed that poly(A) binding protein stimulates the rate of 
ribosomal 40S subunit binding to mRNA. Although the functional interaction between the 
5' and 3" ends of mRNA has been established and some of the protein components involved 
in this process have been identified, how the individual proteins interact to stimulate 
translation initiation is not known yet. 
The model of pseudo-circular stmcture of mRNA in translation is supported by the 
study of RNA degradation mechanisms. The poly(A) tail is involved not only in translation 
stimulation but the mRNA decay process as well. It has been long established that the 
poly(A) tail can protect RNA from degradation. Recently, one of the EINA degradation 
pathways was found to be deadenylation-dependent in yeast. Specifically, the poly(A) tail 
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on the mRNA is shortened first and then the mRNA is decapped followed by 5'—>3' 
exonuclease catalyzed degradation (Decker and Parker, 1994). This RNA decay pathway 
was strongly supported by the fact that insertion of a strong stem loop in the 5' UTR of 
MFA2 transcript prevents the degradation of mRNA further downstream, with no effect on 
the poly(A) shortening and decapping. Mutation of 5'—>3' exonuclease eliminates the 
degradation from 5'^3', although the 5' cap is removed after poly(A) shortening (Muhlrad 
and Parker, 1994). This RNA decay pathway also involves 5' and 3" interaction. Hence the 
close-loop model of mRNA is particularly attractive, given that poly(A) tail-mediated 
functions in stimulating translation and protecting RNA from degradation are sometimes 
inseparable. In both cases, the poly(A) binding protein plays an important role. 
Role of 3'UTR in regulation of translation 
As the 5' cap and 3' poly(A) are ubiquitously present on most of the cellular 
mRNAs, efficient translation initiation is a default pathway for gene expression. During cell 
growth and differentiation, at least some of the mRNA translation needs to be altered, 
considering that regulation at the translational level has a more rapid response than 
transcriptional control. Thus, strategies to alter the default translation efficiency determined 
by 5' cap and 3' poly(A) interaction must have evolved to adapt to envirotmiental change. 
Increasing evidence indicates that the 3' UTR is a rich source for trans-acting factor 
mediated translation inhibition. In Caenohabditis elegans, onset of spermatogenesis and the 
switch from spermatogenesis to oogenesis depends on the translational control of two genes 
tra-2 andfem-3. tra-2 normally directs female development. The 3'UTR of tra-2 mRNA 
contams two tandem 28-nucleotide repeats called direct repeat element (DRE). DRE 
fianctions as a negative c/j-acting regulatory element to mediate translation repression of tra-2 
RNA translation by the DRE binding factor (DRF) (Goodwin et al., 1993). The inhibition 
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of tra-2 gene expression stimulates spermatogenesis in C. elegans. In contrast to the tra-2 
gene, the fem-3 gene normally directs male development. The switch from spermatogenesis 
to oogenesis is achieved by repression of fem-3 gene expression through binding of a trans-
acting factor to the 3'UTR of fem-3 mRNA. fem-3 mutations produced an excess of sperm 
cells and no oocytes (Barton, et al., 1987). Sequencing of these mutations revealed a single 
nucleotide change in the 3' UTR offem-3 mRNA, which prevents binding of the trans-
acting factor to the 3'UTR of fem-3 mRNA. 
In the mammalian system, the enzyme 15-lipoxygenase (LOX) is responsible for the 
destruction of mitochondria in differentiation of erythrocj^es. Although LOX mRNA is 
present even at early stage of erythropoiesis, it is not translated until reticulocytes mature into 
erythrocytes. This developmental regulation ofLOX expression is controlled by the 3'UTR 
of rabbit LOX mRNA at the translational level. A 48KDa protein was found to bind to 10 
nearly perfect repeats of a 19 nucleotide sequence in the 3'UTR of LOX mRNA to cause 
translation repression (Ostareck-lederer ef ai, 1994). 
These examples clearly indicate that 3'UTR of mRNA is actively involved in the 
regulation of gene expression during development. The negative control feature of 3'UTR 
may be the logical consequence of default 5' cap and 3' poly(A) interaction mediated 
efficient translation (see above). Although the mechanism of the 3'UTR in the repression of 
translation is not clear yet, binding of trans-acting factor to die 3'UTR of mRNA may 
interfere with the interaction between 5' cap and 3'poIy(A) tail that is required for efficient 
translation. 
Translation of viral RNA 
Viruses are incapable of independent existence because they lack the enzymes for 
conducting most metabolic and biosynthetic reactions. Considering the enormous number 
of proteins and RNAs (rRNA and tRNA) involved in translation, viruses need to depend 
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more on the host cellular translation machinery than any other metabolic process. For RNA 
viruses that use their genomic RNA directly as mRNA (the viral translated strand RNA is 
called plus sense RNA), viral gene expression is mainly regulated at the translational level, 
because plus sense viral RNA is usually replicated in the cytoplasm where the transcriptional 
control is unavailable. 
There are two major distinctions between cellular mRNA and viral RNA. First of all, 
most of the cellular mRNAs are monocistronic, i.e. only one major protein product is 
translated from the mRNA. In contrast, the viral RNAs are often polycistronic in structure, 
i.e. several genes or open reading frames (ORFs) are encoded on the single viral RNA, 
because all the genetic information for virus replication needs to be encoded in the viral 
genome. For example, four ORFs are encoded on the tobacco mosaic virus (TMV) genomic 
RNA. This fundamental difference between cellular mRNA and viral RNAs obviously 
requires the virus to develop strategies to express its 5' distal ORFs. 
Recoding is one of the strategies for the virus RNA to translate the 5' distal ORFs. It 
includes mainly stop codon readthrough and frameshifting. In both cases, a low amount of a 
fusion protein, in addition to the high level translation of 5' proximal ORF is translated from 
the same RNA molecule. This strategy ensures not only the maximization of coding capacity 
of the viral genome, but the regulation of proper protein amounts as well. Stop codon 
readthrough and ribosomal frameshift are widely used in different RNA viruses for diis 
purpose, including HTV-l (Jacks et al., 1988), TMV, luteoviruses (Brault and Miller, 1992; 
Brown et a/.,1996; Di et ai.,1993)(see below), dianthoviruses (Kim and Lommel, 1994) and 
yeast double stranded RNA virus (Diimian et a/.,1991). 
In addition to recoding, leaky scaiming is another mechanism for viral RNA to 
maximize coding capacity. In this mechanism, two nested ORFs, either in the same or 
different reading frames, are translated because some of the scanning ribosomes ignore the 
first start codon due to its suboptimal sequence context and initiate at the second start codon. 
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This strategy obviously takes advantage of the scanning feature of eukaryotic translation 
machinery. 
The second fundamental problem most of viral RNAs face with regard to gene 
expression is how to compete with the cellular mRNA for the limiting translation machinery, 
including ribosomes and initiation factors. While almost all of the cellular mRNAs are 
capped at the 5' end and polyadenylated at the 3' end, viral RNAs often lack a 5' cap or 3' 
poly(A) tail or both. For example, the 5' terminus of picomaviral RNA is not capped, but 
linked with a VPg (a small viral encoded protein covalently linked with the 5' terminus of 
viral genome), and the 3' end of picomavirus is polyadenylated. The 5' terminus of TMV is 
capped, whereas its 3' end lacks a poly(A) tail. The most extreme example is satellite 
tobacco necrosis virus (STNV) RNA, with no 5' cap and no 3' poly (A) tail. 
Because the 5' cap and poly(A) tail are important for efficient translation initiation, 
the various combinations of terminal structures on the different viral genomic RNAs raise 
another important issue for the viral RNA translation to fit into the eukaryotic translation 
machinery: how is the viral RNA efficientiy translated? Studies of picomavirus RNA 
translation clearly indicate that the IRES serves the function of a 5' cap to facilitate the 
ribosome binding to the RNA, thereby stimulating cap-independent translation (Jackson and 
Kaminski, 1995). For a virus such as TMV that lacks a poly(A) tail, a poly(A) tail 
equivalent sequence has evolved in the 3'UTR of its genome to fimctionaUy substitute for a 
poly(A) tail in stimulating cap-dependent translation (Gallie and Walbot, 1990). STNV 
RNA would be poorly translated according to the current knowledge of translation initiation 
because it lacks both a 5' cap and 3' poly(A) tail (Moss, 1977). However, translation of 
STNV RNA is very efficient, even in the poliovirus infected cell lysate, in which cap-
dependent translation is shut off (see above). This unusual translatability of STNV RNA is 
conferred by a sequence at the 3'IJTR as well as a sequence in the 5'UTR (Danthinne et al., 
1993; Timmer et al., 1993). It was proposed that the interaction between 3'UTR and 5'UTR 
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stimulated ribosome binding to the viral RNA. Consistent with this, the presence of both the 
3'UTR and the 5'UTR significantly decreases the requirement of eIF-4F for efficient 
translation (Timmer et al., 1993). Although the detailed mechanism how the 5' and 3' 
interaction stimulates translation of uncapped mRNA is still lacking, this unusual translation 
strategy provides a new perspective to understand the eukaryotic translation machinery. 
Translational control of barley yellow dwarf virus RNA 
Biology ofBYDV 
Barley yellow dwarf virus-PAV (BYDV-PAV) serotype belongs to the luteovirus 
group. It causes severe economic losses of cereal crops, such as wheat, oat, and barley 
(Miller, 1994). In nature, B YDV is transmitted only by aphids and viruses are restrained in 
the phloem of host plant (Martin et al., 1990). The virus replication occurs in the cytoplasm 
of host cell. According to the aphid species that transmit the particular serotype of B YDV 
most efficiently, BYDVs are classified into 5 serotypes. They are BYDV-PAV, BYDV-
MAV, BYDV-RPV, BYDV-SGV. BYDVs are divided into two subgroups of luteovirus 
based on genome organization, serological relationship and cytopathology (D'Arcy, 1995; 
Martin, 1990; Miller era/., 1995; Mayo, 1996). 
Genome Organization of Luteovinises 
The genome of luteovinises is plus sense RNA about 6kb long. The 5' terminus is 
probably not capped (see below), and the 3' terminus is not polyadenylated. Since the 
sequences of some of the luteovirus genome were determined, the mechanism of viral gene 
expression, virus replication and transmission have been extensively studied. So far, the 
genomes of BYDV-PAV, BYDV-MAV, BYDV-RPV, potato leafiroll virus (PLRV), beet 
westem yellow virus (BWYV), soybean dwarf virus (SDV) have been sequenced. From 
the nucleotide sequence of these viruses, the open reading frames in the viral genome were 
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defined. Based on the genome organization, luteoviruses are divided into two subgroups, 
subgroup I, which consists of BYDV-PAV, BYDV-MAV, SDV, and subgroup n, which 
consists of PLRV, BWYV, BYDV-RPV and some other luteoviruses (Miller, 1994). It 
matches the classification by serological relationship and cytopathology. Both of these two 
subgroups encode 6 ORFs in their genome. The ORFs in the 5'half of the genome are 
translated through genomic RNA (Fig. 2). During virus replication, subgenomic RNAs are 
produced, and the ORFs in the 3' half of genome are translated by subgenomic 
EWAl(Miller et ai, 1995). The putative RNA dependent RNA polymerase is expressed 
through a -1 ribosomal frameshifting event. The ORF related to aphid transmission is 
expressed via stop codon readthrough (Brown etal., 1996; Mayo and Ziegler-Graf, 1996; 
Miller ef a/., 1995). 
Although the overall genome organization of diese two subgroups of luteoviruses are 
similar, subgroup I and subgroup n luteoviruses are distinct in some aspects at the molecular 
level. First of all, the putative RNA-dependent RNA polymerase of subgroup I is more 
homologous to that of carmovirus group, whereas that of subgroup II is more homologous 
to diat of sobemoviruses. Secondly, while a VPg, a small virus encoded protein was found 
to be linked with the 5 terminus of subgroup II viruses, such as PLRV, BYDV-RPV, no 
VPg appears to be present in subgroup I viruses. Thirdly, the subgroup H luteoviruses have 
an additional ORF at the 5' end, compared with the subgroup I luteoviruses. Fourthly, the 
3' terminal sequence of subgroup I (600-800 nucleotide) is much longer than that of 
subgroup n viruses (less than 200 nucleotides). Lastly, only one subgenomic RNA species 
is produced during the rephcation of subgroup H luteoviruses, whereas two additional 
subgenomic RNA species are produced during rephcation of subgroup I luteoviruses (Mayo 
and Ziegler-Graf, 1996; Miller et al., 1995). The differences at the molecular level suggested 
that sorategies used for gene expression might differ between these two subgroups. 
21 
frameshift 
leaky scanning 
. readthrvugh 3 YE I IC iM 
I t t 
60K I 122K I 50K | []6.7K 
3' genomic RNA m 
subgenomic RNAl 
subgenomic RNA2 
subgenomic RNA3 
Figure 2. Genome organization of B YDV-PAV RNA. The viral encoded open 
reading frames are indicated by the molecular weights of the corresponding proteins. 
The genome RNA and three subgenomic RNAs are indicated by lines. The position 
of the 3TE on the genomic and subgenomic RNAs is aligned by dotted lines. The 
c/5-signals responsible for unusual translation events are indicated. 
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Gene Expression of BYDV-PAV 
This study focused on the type member of subgroup I luteo virus, BYDV-PAV 
(Australian stain). Its genome is 5677 nucleotide long and encodes six ORFs (Fig. 2). The 
ORFs (39K and 60K) in the 5' half genome are translated through genomic RNA, whereas 
the ORFs (22K, 50K and 17K) in the 3' half genome are translated through subgenomic 
RNAI (Miller et ai, 1995). Like any other plus sense RNA virus, the control of gene 
expression must occur at the translational level, because the virus replication is restrained in 
the cytoplasm of host cell. BYDV-PAV is uniquely rich in translational regulation of its gene 
expression. This includes: a -1 frameshift event to express low amount of 99K (39K + 
60K) protein (Brault and Miller, 1992; Di, et ai, 1993), leaky scarming mechanism to 
express the 17K ORF (Dinesh-Kumar and Miller, 1993), stop codon readthrough to express 
low amount of 72K (22K + 50K) protein (Brown, et ai, 1996). 
The function of some of the ORFs of BYDV-PAV is known based on phylogenetic 
comparison and biological study. The 22K protein is known to be coat protein, because 
antibody raised against the virus particle can react with the 22K protein (Miller et ai, 1988). 
The 99K protein that is expressed via - I ribosomal frameshift is a putative RNA dependent 
RNA polymerase, as it shares the characteristic ODD motif with other RNA viruses. The 
50K ORF is involved in the aphid transmission (Wang et ai, 1995; Chay et al., 1996). 17K 
may be involved in cell to cell movement (Wang et al., 1995). The function of the 6.7K 
ORF is unknown. 
The translational dilemma that the polycistronic BYDV-PAV RNA faces because of 
monocistronic eukaryotic translation is solved by two strategies. First, subgenomic mRNAs 
are produced to translate the ORFs in the 3' half genome (22K, 50K and 17K). Secondly, 
the recoding and ribosomal leaky scaiming strategies are used to express the non 5' proximal 
ORFs on the genomic RNA (60K) and subgenomic RNAI (17K and 50K). Although the 
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individual ORF translation fits into the monocistronic nature of eukaryotic translation 
machinery, lack of 5' cap (see below) and 3' poly(A) tail exposes the viral RNA to the 
second problem that each positive sense viral RNA faces: how the viral RNA competes with 
cellular mRNAs. This problem challenges not only translation of genomic RNA but the 
subgenomic RNAl as well, because no methyltransferase (capping) activity is associated 
with the virus encoded proteins. 
During my Ph.D. study, I found that BYDV-PAV uses another marvelous 
mechanism to control the overall gene expression rate, i.e., cap-independent translation with 
a sequence in the 3' untranslated region (UTR), in addition to the above translational 
mechanisms to regulate individual viral gene expression. The following chapters describes 
the smdy of this translational control mechanism. The discovery of the 3' translation 
enhancer sequence (3'TE) that stimulates translation of uncapped mRNA is summarized in 
Chapter 2. Further characterization of 3'TE and exploration of its mechanism to stimulate 
translation of uncapped mRNA is described m Chapter 3. The biological significance of the 
3'TE in the virus life cycle is summarized in Chapter 4. 
Signincance of this study 
The ubiquitous 5' cap and 3' poly(A) tail, along with their specific binding proteins 
largely contribute to the concept of 5' and 3' interaction during translation initiation. 
However, the specific RNA-RNA, RNA-protein, protein-protein, interactions between the 
players in this complicated process is not clear. The presence of alternative structure in the 
viral RNA in terms of the 5' and 3' termini, provides natural 'mutants' which might shed 
light on the understanding eukaryotic translation initiation from a different perspective. 
Picomavirus, a non capped positive sense RNA virus has ahready verified diis point. 
BYDV-PAV RNA is an excellent experimental sy.stem in this regard, since it is translated 
very efficiendy with neither 5' cap nor 3' poly(A) taii in its genome. Thus, the knowledge 
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from the study of BYDV-PAV RNA translation will complement our understanding of the 
mechanism of eukaryotic translation initiation. 
A direct take-home message from this study is that the 3'UTR is actively involved in 
the regulation of gene expression. Therefore, study of any regulatory element on the mRNA 
should be put in the whole mRNA context, rather than studying individual elements 
separately. 
In addition to its potential contribution of this study to the knowledge of eukaryotic 
translation per se, this study should also lead to further understanding of control of viral 
gene expression and replication, since translational control is main scheme for gene 
expression of viruses that are repUcated in the cytoplasm of host cell. Given the fact that 
quite a few viral RNAs lack a 5' cap, the concepts derived from this study may represent a 
mechanism that is shared by other RNA viruses. 
Because BYDV-PAV cause serious loss of cereal crops, understanding of the gene 
expression and its regulation should provide new antiviral strategies. For example, any 
methods designed to disrupt die 3'TE will inhibit the virus replication. 
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CHAPTER 2. A SEQUENCE LOCATED 4.5 TO 5 KILOBASES FROM 
THE 5' END OF THE BARLEY YELLOW DWARF VIRUS (PAV) 
GENOME STRONGLY STIMULATES TRANSLATION OF 
UNCAPPED MRNA 
A paper published in the Journal of Biological Chemistry 
Shanping Wang and W. Allen Miller 
ABSTRACT 
An infectious, in vitro transcript from a full-length cDNA clone of the barley 
yellow dwarf virus (PAV serotype) genome translated efficiendy in a wheat germ 
translation extract. Deletions in a region that we call the 3' translational enhancer, located 
between bases 4,513 and 5,009 in the 5,677 base genome, reduced translation of the 5'-
proximal open reading frames from uncapped RNA by at least 30-fold. Deletions 
elsewhere in all but the 5' end of the genome had no effect on translation. Presence of a 
m^G(5')ppp(5')G cap on the 5' end fully restored translational efficiency of transcripts 
lacking the 3' translational enhancer. The translation enhancer reduced inhibition of 
translation by free cap analog, did not affect RNA stability, and did not function in 
reticulocyte lysates. When placed in the 3' untranslated region of uncapped mRNA 
encoding the p-glucuronidase gene, the translation enhancer stimulated translation more 
than 80-fold, in the presence of the viral, but not a plasmid-derived, 5' leader. A 
polyadenylate tail could not substimte for the 3' translation enhancer. These observations 
provide an extreme example, in terms of distance from the 5' end and level of stimulation, 
of an mRNA in which a sequence near the 3' end stimulates translation. 
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INTRODUCTION 
Luteoviruses are particularly rich in unusual translational control mechanisms (1,2), 
e.g. ribosomal frameshifting (3,4) and stop codon suppression (5). The genomic RNA of 
luteoviruses is about 5.7 kb long and is not polyadenylated (6,7). The genes in the 5' half 
of the genome are translated direcdy from genomic RNA, whereas the 3' half is expressed 
via subgenomic mRNA(s) (5,8,9). The luteoviruses, including the barley yellow dwarf 
viruses (BYDVs), have been classified into subgroups I and n, according to genome 
organization and other biological properties (1,2,10,11). The 5' halves of the genomes of 
the two subgroups are essentially unrelated, whereas the 3' halves of all luteoviruses have 
significant homology, with the exception of the approximately 800 3'-terminal bases of 
subgroup I genomes which are absent in subgroup EE luteoviruses. The 5' half of the 
genome of BYDV-PAV, a member of subgroup I, encodes a 39 kDa protein (39K OEIF) 
and an overlapping open reading frame (60K ORI^ which has the conserved amino acid 
motifs shared by RNA-dependent RNA polymerases (6). This 60K ORF is expressed via a 
-1 ribosomal frameshift at the end of the 39K ORF to produce a 99 kDa protein (Fig. 1 A) 
(3,4). 
The 5' termini of eukaryotic cellular mRNAs have a cap structure 
(m^G(5')ppp(5')N) (12,13), while the 5' termini of viral RNAs can be either capped, 
uncapped (14), or covalendy linked to a viral protein (VPg) (15). Genomes of viruses with 
any of these structures can have sequences near the 5' end that enhance translation. For 
example the 5' untranslated regions (UTRs) of naturally capped RNAs of tobacco mosaic 
virus (TMV) (16); alfalfa mosaic virus (AIMV) (17) and potato virus X (PVX) (18), and of 
VPg-linked viral RNAs such as tobacco etch virus (TEV) (19) and the picomaviruses (20) 
all stimulate Uranslation by a variety of mechanisms. Although a VPg is attached to the 5' 
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termini of subgroup EE luteoviral genomes (6,21), the chemical nature of the 5' terminus of 
BYDV-PAV and other subgroup I luteoviruses has not been reported. 
The 3' UTRs of eukaryotic mRNAs can also regulate initiation of translation 
(22,23). A ubiquitous 3' UTR sequence that enhances translation initiation is the 
polyadenylate sequence (poly(A) tail) of 30 to 200 adenosine residues at the 3' termini of 
most eukaryotic mRNAs (24-27). Other sequences can fimctionally substitute for a 
poly(A) tail. For example, the pseudoknot-rich portion of the 3' UTR of TMV RNA, 
which is not polyadenylated, enhances the translation efficiency in vivo (28). The 5' cap 
and this pseudoknot-rich domain or a poly (A) tail stimulate translation synergistically (27). 
In the case of satellite tobacco necrosis virus (STNV), which has an uncapped, 
nonpolyadenylated, 1239 nucleotide (nt) RNA genome (14,29), the 3' UTR facilitates cap-
independent translation in vitro of its coat protein gene or heterologous genes in the 
presence of the viral 5' UTR (30,31). Here we report that B YDV-PAV genes are translated 
cap-independently in wheat germ extracts. A sequence of at most 500 bases, located 
between 4.5 and 5 kb from the 5' end of the viral genome, stimulates translation of viral or 
heterologous reporter genes from uncapped RNA by 30 to over 100-fold. This cap-
independent translation may also depend on the presence of a portion of the 5' end of the 
viral genome. This report should further our understanding of interactions between 
mRNAs and eukaryotic translation machinery. 
MATERIALS AND METHODS 
Construction of internal deletion mutants 
DNA manipulations were performed essentially as described by Sambrook et al. 
(32). All plasmids were cloned in Escherichia coli (strain DH5af) except when Bel I was 
used to digest the DNA, in which case plasmids were prepared in dam' strain GM33. 
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Restriction sites discussed below are numbered by the base position in the B YDV-PAV 
genome (7). pAGUSl (33) was a gift from J. Skuzeski, now at Oregon State University. 
Construction of a full-length clone (pPAV6) from which infectious B YDV-PAV 
genomic RNA can be transcribed in vitro, was described previously (4). To make 
pPAVMl, pPAV6 was digested with EcoR I to remove the EcoR l2860-^coR 14148 
fragment and re-ligated. The same strategy was used to make pPAVM2, in which the 
BamK I4837 fragment was deleted from pPAV6. To construct pSPM, 
pPAV6 was first digested with Sea I which cuts at base 4513 in the BYDV-PAV cDNA 
genome and in the ampicillin resistance gene in the vector. The resulting 5.5 kb fragment 
was purified by 1% low-melting point agarose gel electrophoresis and digested with Pml I, 
and this Sea I(in the vector)-/'^/ Ii 112 fragment was ligated with Sea I(in the vector)-5'ca 
I4513 fragment to give rise to pSPM in which the Pml Ii 112-Sca I4513 fragment was 
deleted from the BYDV-PAV genome. To delete the Bal I578 to Sea I4513 region of the 
genome, pPAV6 was digested with these enzymes and re-ligated. After gel purification, 
the Bal I578 - Sea I4513 fragment was discarded, the remaining two fragments were 
ligated to give rise to pBS6. 
Construetion of BYDV-PAV/GUS chimeric RNA 
The E.eoli uidA gene which encodes P-glucuronidase (GUS) was cloned from Nco 
l-EcolCR I-digested pPAGUS 1 (33) into similarly-cut pGEM5Zf(+) (Promega, Madison, 
WI) to give rise to pT7GUSl. To construct pT7GUS3'-d2, the Sea I(in the vector)-'^ca 
I4513 fragment of pPAV6 was cloned into £coICR I-linearized pT7GUS 1. 
pCIGUS was made so that the GUS coding sequence was flanked by the 5'-
terminal 169 nt of BYDV-PAV RNA at its 5' end and bases 4513-5677 in its 3' UTR. We 
started with clone pPAVGUSRTS (34) which contains the GUS gene including upstream 
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multiple cloning site from pAGUS 1 (33) inserted between base 3477 and the Sea I4513 
site in pPAV6. pPAVGUSRTS was digested with EcoAl nil69 BspllO I (codon 5 of 
the GUS ORF), made blunt-ended with T4 polymerase, and re-ligated to produce pCIGUS. 
In pCIGUS, the entire 5' UTR and the first nine codons of the GUS coding sequence were 
derived from the first 169 nt of BYDV-PAV RNA. The Sea I site was destroyed in the 
process, so pCIGUS was linearized at a unique EcoICR I site in the GUS-derived portion 
of the 3' UTR to generate transcripts lacking viral sequences in the 3' UTR. 
pT7GUSA(+) was constructed to add a poly(A) tail to the GUS 3' UTR. pT7GUS 1 
was first digested with Sma I and Sea I. Then the fragment containing the GUS gene was 
gel-purified and ligated to Sma l-Sea I digested pSP64poly(A) (Promega, Madison, WI), 
which has a run of 30 adenosine residues between the Sma I and Eeo RI sites in its 
multiple cloning site. pGUSEAl was made by cloning the PM-fcoICRI fragment of 
pCIGUS that spans the T7 promoter, first 169 nt of BYDV-PAV genomic RNA, and the 
GUS coding region into pSP64poly(A) cut with the same enzymes. 
In vitro transcription and translation 
Capped and uncapped RNAs were prepared by in vitro transcription with T7 DNA-
dependent RNA polymerase of the linearized plasmids using the Ambion (Austin, TX) 
mMessage mMachine® and MegaScript® kits, respectively, according to the 
manufacturer's instructions. An 8:1 ratio of m^G(5')ppp(5')G:GTP was used in reactions 
to produce capped transcripts. The integrity of all the transcripts was ascertained by 1% 
agarose gel electrophoresis and the concentration of the RNA was determined 
spectrophotometrically. 
Translation in vitro was carried out with 8 ng/(il capped or uncapped transcripts as 
mRNAs in a wheat germ extract in the presence of 0.34 |iM 35s-methionine (1,175 
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Ci/mmol) in 25 reactions for one hour as described by the manufacturer (Promega) or in 
a rabbit reticulocyte lysate (Promega) as described previously (5), except where indicated. 
•^•^S-labelled polypeptides were resolved by loading one fifth of the in vitro translation 
reaction mixture on a 5% stacking and 10% resolving polyacrylamide gel and 
electrophoresis using a discontinuous buffer system (35). After the gel was fixed in a 25% 
ethanol, 10% acetic acid solution overnight, it was prepared for fluorography by shaking in 
20 volumes of dimethyl sulfoxide (DMSO), twice, each for 30 minutes. Then the gel was 
treated by gentle shaking in a 20% (w/v) solution of 2,5-diphenyloxazole in DMSO. After 
the gel was soaked in water with shaking for 30 minutes and dried, radioactivity was 
visualized and digitized by exposure to a Phosphorimager 400E (Molecular Dynamics, 
Sunnyvale, CA). Radioactivity was quantified using Imagequant 3.22 software (Molecular 
Dynamics). Thus, the "relative units" of radioactivity used in this manuscript are arbitrary. 
RNA stability assay 
1 - 2  p m o l e  o f  u n c a p p e d  t r a n s c r i p t s  f r o m  Sma 15677 or Sea 14513-linearized 
pPAV6 were incubated in the wheat germ extract in the translation conditions (above). At 
indicated time points, 5 ml aliquots were removed. RNA was extracted with phenol using 
an aurin tricarboxylate buffer followed by Uthium chloride precipitation as described by 
Wadsworth et al. (36) and modified by Seeley et al. (37). The final ethanol-precipitated 
RNA pellet was resuspended in 10 mi diethyl pyrocarbonate-treated water. 5 jil of this 
RNA was subjected to electorphoresis in a 0.8% agarose gel for Northern blot 
hybridization. The conditions used for probe labeling and Northern hybridization were 
described previously (5). The probe was 32p.iabeled RNA, complementary to BYDV-
PAV bases 2737-2985, derived by in vitro transcription of EcoICR I-Iinearized pSP9 (5). 
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RESULTS 
Identification of a sequence that allows BYDV-PAV RNA to be translated efficiently in the 
absence of a 5' m7G(5')ppp( 5')G cap structure. 
To ensure that translation conditions were sensitive to changes in the translation 
efficiency of the RNA template (38,39) a subsaturating mRNA concentration of 8 ng/ml (4 
nM for full-length BYDV-PAV RNA) was used in the translation reactions (4). RNAs 
containing a guanosine 5' triphosphate or a m^G(5')ppp(5')G-cap were transcribed from 
pPAV6 templates linearized with Sma 15617^ Bel I5190, Pst 15009. I4513, or Kpn 
I4154 and translated in the wheat germ extracts under previously optimized conditions (4) 
(Fig. IB). Despite its anomalously slow mobility and occasional appearance as a doublet, 
the prominent band was shown previously to be the product of the 39K ORF (4,40). 
Because the vast majority of incorporated methionine was m the 39 kDa polypeptide, 
the translation efficiency was defined as the amount of radioactivity incorporated in this 
protein as measured with a Phosphorimager. 
The amount of 39 kDa translation product from all capped transcripts varied less 
than three-fold, regardless of the 3' truncation (Table 1, Fig. IB). Surprisingly, uncapped 
transcripts containing bases up to and 3' of base 5009 {Pst I site) yielded one-third to one-
half as much 39 kDa product as their capped counterparts, but those which contained larger 
3' truncations, i.e. lacked bases 3' of nucleotide 4513 {Sea I site), yielded 30 to 50-fold less 
39 kDa product (Table 1; Fig. IB, lanes 10 and 12) than either their capped forms or the 
larger, uncapped transcripts. Thus, the translation of viral RNA was nearly cap-
independent when transcribed from viral cDNA digested with Sma I, Bel I or Pst I. hi 
contrast, translation of transcripts from pPAV6 linearized at the Sea I4513 or upstream 
sites was highly cap-dependent. Thus a sequence between the Sea I4513 site and the Pst 
I5OO9 site is at least in part responsible for efficient translation in the absence of a 5' cap. 
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These experiments also revealed that a more distal portion of the genome appears 
to be required for efficient -1 ribosomal frameshifting. As reported previously (4), the 99 
kDa product of ribosomal frameshifting can be seen clearly among the translation products 
of fiili-length {Sma I-linearized) transcript (Fig. lb, lanes 3,4). However, transcripts 
truncated at the Bel I5190 site gave less frameshift product, and those with larger deletions 
yielded no frameshift products at all (Fig. lb, lanes 7-12). Thus, sequences near the 3' end 
of the genome are required for efficient frameshifting at bases 1152-1158. This 
remarkable phenomenon was unaffected by capping and it will be discussed in a separate 
publication. 
To further define the sequence(s) necessary for cap-independent translation, 
transcripts synthesized from internal deletion mutants and linearized with various 
restriction enzymes, were translated in wheat germ extracts (Fig. 2). Mutants containing 
any deletions between the Bal I578 and Sea I4513 sites were still translated cap-
independentiy, if the transcripts were synthesized from Pst I or Sma I-linearized templates 
(Fig. 2). Cap-independent translation was abolished in transcripts linearized at Bam 
HI4837 (Fig. 2). Transcripts synthesized from Sma I- and Pst I-linearized pPAVM2, in 
which sequence immediately 5' of Bam HI4837 was deleted, also failed to permit cap-
independent translation. We conclude that (i) no sequences from the Bal I578 to Sea I4513 
sites, and from Pst I5009 to the 3' end of the genome {Sma 15677) are required for cap-
independent translation, (ii) the regions from Sea I4513 to Bam HI4837 or Bam HI 4837 to 
Pst I5009 alone were insufficient, and (Hi) reducing the spacing between the Sea l-Pst I 
region and the 5' end of the genome did not reduce cap-independent translation. Thus, a 
region of the RNA between bases 4513 and 5009 is required for BYDV-PAV RNA to be 
translated independently of the presence of a 5' m^G(5')ppp(5')G cap. We define the 
required Sea I4513 to Pst I5009 region as a 3' translation enhancer (3'TE). In the 
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following experiments, the transcripts having intact 3'TE are called 3TE(+), whereas 
transcripts having no, or an incomplete 3'TE, are 3'TE(-). 
Analysis of conditions for cap-independent translation. 
The reduced amount of 39 kDa product from uncapped, 3TE(-) transcripts could 
result from (i) a sequence-specific difference in optimal ionic conditions for in vitro 
translation, (ii) sharply decreased stability of the transcript, (Hi) inactivation of critical 
factor(s)  involved in translat ion in the wheat  germ extract  due to unknown reasons,  or  ( iv)  
a decreased level of translatability of the transcript. These possibilities were tested. 
Because different mRNAs can have different optimal potassium ion concentrations 
(38,41), these concentrations were varied. At all potassium ion concentrations, uncapped, 
3'TE(-) transcripts gave extremely low amounts of 39 kDa product which was about 25 to 
50-fold less than that from uncapped 3'TE(+) transcripts (data not shown). Thus, the 
extreme cap-dependence of the 3'TE(-) transcripts could not be compensated for by 
changes in ionic conditions. 
To test the second possibility that 3'TE(-) transcripts were much less stable than 
3'TE(+) transcripts, their stabilities in the translation reaction was assessed by Northern 
blot hybridization. Approximately 50% of the transcripts from pPAV6 linearized with 
either Sea I (3'TE(-)) or Sma I (3'TE(+)) remained intact after one hour of incubation in the 
wheat germ extract under our standard translation conditions (Fig. 3). Thus, the stabilities 
of 3'TE(+) and 3'TE(-) transcripts were indistinguishable. 
To test the third possibility, that the absence of cap-independent translation in the 
uncapped, 3'TE(-) transcripts was due to some kind of selective inactivation of the wheat 
germ translation system, translation of naturally capped brome mosaic virus (BMV) RNAs 
was observed in the presence of various BYDV-PAV transcripts. BMV RNA was 
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translated with the same efficiency in the presence of capped or uncapped, 3'TE(-) or 
3'TE(+) BYDV-PAV transcripts (Fig. 4, lanes 1,6-9). Conversely, the presence of BMV 
RNA did not affect the translation of capped or uncapped, 3'TE(-) or 3'TE(+) transcripts 
(Fig.4, compare lanes 2 and 6, 3 and 7,4 and 8,5 and 9). Thus, there was no inhibition of 
the wheat germ translation machinery by the uncapped, 3'TE(-) BYDV-PAV transcript. 
The lack of competition between BMV and BYDV-PAV RNAs verified that the mRNA 
levels were subsaturating and thus rate-limiting. All the above results taken together 
support the hypothesis that the 3'TE acts to increase efficiency with which ribosomes and 
translation factors initiate translation of the uncapped viral transcript. 
The 3'TE appears to fimctionally substitute for a cap structure. Thus, we tested 
whether addition of free cap analog inhibited translation of 3'TE(+) transcripts differentiy 
from 3'TE(-) transcripts. As shown in Fig. 5, twice as much m^G(5')ppp(5')G (27 mM) 
was required to achieve 50% inhibition of translation of uncapped, 3'TE(+) transcript as 
was required for 50% inhibition of capped, 3'TE(-) transcript (13 mM). Consistent with 
this, inhibition of translation of the transcript containing both a cap and 3'TE falls in 
between. Although translation of capped transcripts was higher than uncapped 3'TE(+) 
transcripts in these conditions (Table 1), their sensitivity to inhibition by free cap analog 
was greater. 
The 3'TE did not stimulate translation of uncapped transcripts in reticulocyte 
lysates. Uncapped 3'TE(+) or 3'TE(-) RNAs both gave about one-eighth as much 39 kDa 
product as capped 3'TE(+) and 3'TE(-) transcripts (Fig. 6). Because, reticulocyte lysates 
were less discriminatory against the uncapped transcripts than were wheat germ extracts, 
any enhancment by the 3'TE would have been less extreme than in wheat germ. This 
relatively less cap-dependence in reticulocyte lysates has been observed previously. 
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BYDV-PAVsequences confer cap-independent translation on a heterologous gene. 
To determine the role of the portion of the 39K ORF that was in all the deletion 
mutants, this ORF was replaced with a nonviral gene. Construct pCIGUS has the 5'-
terminal 169 nt of BYDV-PAV, including all 141 bases of the BYDV-PAV 5' UTR and 
the first nine codons of the 39K ORF fused in-fi:ame with the E. coli iiidA (GUS) gene 
lacking its own start codon (Fig.7). In this plasmid, the 3' UTR of the GUS gene contains 
the 3' end of the BYDV-PAV genome from the Seal to the Smal sites, including the 3'TE. 
Because the Sea I site was destroyed in construction of pCIGUS, linearization with 
fcoICR I in the GUS gene-derived portion of the 3'UTR was used to create transcripts 
lacking all viral sequence in the 3' UTR. The presence of both the viral 5' sequence and 
3'TE flanking the GUS gene enhanced translation of uncapped transcript by more than 80-
fold (Fig. 7, compare lanes 7 and 9 to lane 5). Unlike in the viral genomic context, 
capping of these transcripts did not increase their ability to be Uranslated. These capped 
transcripts gave about four times as much product as the capped transcript lacking the 3'TE 
(Fig. 7, compare lanes 6 and 8 to lane 4). To test the role of the 5' leader sequence, 
pT7GUS3'-d2 was constructed. This plasmid contains a 5' leader derived from 
pGEM5Z(f+) in place of the BYDV-PAV 5' sequence. All transcripts of this plasmid 
translated poorly in the absence of a 5' cap, whether or not they contained the 3'TE (Fig. 7). 
The translation efficiency of transcripts from £coICR I-linearized pT7GUS 1, which lacks 
all viral sequences, was similar to those corresponding transcripts synthesized from 
pT7GUS3'-d2 (Fig. 7, compare lanes 2 and 3 with lanes 10-15). Thus, the 3'TE does not 
function in the presence of the vector-derived 5' leader sequence. The 5' viral leader 
sequence itself can enhance the translation efficiency by about 4 fold relative to the leader 
derived from the multiple cloning site of pGEM5Z(f+) (Fig. 7, compare lane 4 to 2, and 
lane 5 to 3). This stimulation is reminiscent of other efficient viral leader sequences such 
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as the TMV Qsequence (16). 
A poly(A) tail does not substitute for the BYDV-PAV 3' translational enhancer. 
Because a poly(A) tail confers stability on eukaryotic mRNAs and also enhances 
translation initiation in vivo (24-27), we compared the effect of a poly(A) tail on translation 
of GUS from capped and uncapped transcripts. The GUS gene was subcloned from 
pTTGUS I into vector pSP64poly(A) which contains a run of 30 adenosine residues in the 
multiple cloning site, to create plasmids pT7GUS(A+) and pGUSEAl (Fig. 8). Transcripts 
from these plasmids differ only in their 5' UTRs. The 5' UTR of the pT7GUS(A+) 
transcript is derived from the vector, whereas that in pGUSEAI contains the same 169 
base 5' UTR and first 9 codons as pCIGUS. Transcription of either of these plasmids when 
linearized with £'coRI gives a transcript ending in A30CCGAAUU. Linearization with 
fcoICR I gives an otherwise identical transcript lacking this 3'-terminal sequence. All 
uncapped transcripts translated very poorly whether or not they contained a poly(A) tail or 
a viral 5' leader (Fig. 8). In all cases, capped transcripts yielded twenty to fifty times as 
much GUS as uncapped transcripts, although the amount of GUS protein made from 
uncapped transcripts was so low that these fold-increases are very approximate. Any 
increase in translation owing to polyadenylation was two-fold or less, regardless of 
whether the transcripts were capped. Thus, the poly( A) tail does not substitute for the 
3'TE, nor does it act synergistically (43) with a 5' cap to stimulate translation in the wheat 
germ extract translation system. 
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DISCUSSION 
The results presented here reveal that sequence(s) within a region near the 3' end of 
the genome (bases 4513-5009), of BYDV-PAV RNA confer the ability of a BYDV-PAV 
gene or a heterologous gene to be translated very efficiently fi'om uncapped mRNAs in 
wheat germ extracts. The viral 5' leader (bases 1-169) may also be required, but only one 
alternative leader was tested. It is possible that other efficient (e.g. viral) leaders may 
substimte for that of BYDV-PAV. Other known stimulatory sequences include the 5' 
leaders of TMV (16), AIMV RNA4 (17) and PVX (18), but these do not replace the need 
for a cap. Indeed the 5' UTR of BYDV-PAV alone stimulates such cap-dependent 
translation relative to a vector-derived 5' UTR (Fig. 7). The 5' UTRs of TEV (19), potato 
virus S (44) and picomaviruses (45) confer cap-independent translation, but do not require 
the presence of a sequence 3' of the coding region. The poly(A) tail in the 3' UTRs of most 
mRNAs stimulates translation, but has only modest effects in vitro as observed by us (Fig. 
8) and others (25,46). Thus the observation reported here in which the 3' UTR functionally 
substitutes for a 5' cap structure requires a revision of the traditional concepts regarding the 
mechanisms of translation initiation in which mRNA recognition requires only 5'-terminal 
structures and sequences (47). 
The stimulation of translation of uncapped mRNA by the 3' UTR resembles the 
behavior of the 3' UTR of STNV RNA. On STNV RNA the 5' 150 bases of the 3' UTR 
and a portion of the 5' UTR act together to facilitate cap-independent translation (30,31) in 
wheat germ extracts. However, this naturally uncapped RNA (14) differs in several ways 
from BYDV-PAV RNA. (i) It is only 1239 nt long (29), with a 29 base 5' UTR, 600 base 
ORF that encodes coat protein, and a 600 base 3' UTR. (ii) The 3' stimulatory region in the 
3' UTR is adjacent to the ORF it stimulates in contrast to the 3'TE in BYDV-PAV RNA 
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which is separated from the stimulated (39K) ORF by several ORFs and kilobases. (Hi)  
The 5' and 3' UTRs of STNV stimulate translation of heterologous genes (a-globin or 
GUS) less than the native coat protein gene (30,31), whereas the BYDV-PAV sequences 
provided greater stimulation and more complete cap-independent translation of GUS than 
of viral genes. 
The discovery of this cap-independent translation enhancer has led us to wonder 
whether the 5' end of the BYDV-PAV genome is capped. Previously (7), we proposed that 
the BYDV-PAV genome contains a VPg because subgroup n luteoviral RNAs have VPg's 
(6,21). However, being a subgroup I luteovirus, much of the genome of BYDV-PAV, 
including the essential replication genes, is more closely related to dianthoviruses which 
have capped mRNAs (48). Preliminary evidence indicates that neither of these structures 
are present and that BYDV-PAV RNA is uncapped: the 5' terminus of BYDV-PAV RNA 
from virions is accessible to alkaline phosphatase and polynucleotide kinase, with or 
without pretreatment with the cap-removing enzyme, tobacco acid pyrophosphatase 
(WAM, unpublished observation). In support of this, uncapped, full-length in vitro 
transcripts of BYDV-PAV RNA (49) are far more infectious than capped transcripts (34). 
Furthermore, another group has found that BYDV-PAV RNA seems to lack a VPg (L. 
Domier, University of Illinois, personal communication). 
Absence of a 5' cap would suggest that the 3'TE is necessary for virus viability. 
Consistent with this, all deletions in the 3TE render the RNA noninfectious in protoplasts 
(34), even diough the proteins encoded by the 50K and 6.7K ORFs in which much of the 
3'TE resides are unnecessary for replication in protoplasts. Even if BYDV-PAV RNA 
were naturally capped, a role for a cap-independent translation element would not be 
unprecedented. Naturally capped mRNAs of the immunoglobulin heavy-chain binding 
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protein gene and other eukaryotic cellular genes contain sequences that allow efficient cap-
mdependent translation in vivo (45). 
Possible mechanisms by which a 3' sequence can stimulate translation. 
How can a 3' sequence behave like a cap? Gallie and Tanguay (46) showed that a 
poly (A) tail is bound by the same factors (eIF-4F and eIF-4B) that bind the m^G cap (50), 
but with lower affinity. If these or other factors bound the 3'TE with higher affinity, it 
could perhaps function like a cap. The fact that more free cap analog is required to inhibit 
translation of 3'TE-containing RNA than capped RNA suggests that the 3'TE would have a 
higher binding affinity to initiation factors than cap analog. Furthermore, translation of 
uncapped RNAs containing a picomaviral internal ribosome entry site (IRES) requires the 
presence of cap-binding protein eIF-4F (51). Thus, the concept that the same factors can 
recognize both a sequence and a modified nucleotide (m^G) provides an explanation for 
how a sequence like the 3'TE can substitute for a cap structure. 
Mechanisms by which the 3'TE may act by enhancing translation initiation at the 5' 
end can be envisioned by comparison with STNV RNA. Danthinne et al. (30) and Timmer 
et al. (31) proposed that direct base-pairing occurs between small stretches of the 3" 
translation enhancing domain of STNV RNA and the 5' UTR to facilitate return of 
ribosomes that have completed translation to the 5' end of the genome. In BYDV-PAV 
RNA, there were no obvious, phylogenetically conserved regions in the 5' UTR to which 
portions of the 3'TE might basepair, nor were any striking similarities between STNV and 
BYDV-PAV primary or secondary structures detected. Danthinne et al. (30) identified a 
potential 18S ribosomal RNA-binding sequence in the 3' UTR of STNV RNA. Upon 
sequence comparison of three complete subgroup I luteoviral genomes (52,53) and partial 
sequences of nine additional BYDV-PAV isolates (54), we found an intriguing 17 base 
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sequence, beginning at the BamHl4837 site, GGAUCCUGGGAAACAGG. that is 
absolutely conserved. Consistent with Danthinne et al's model, the underlined 
hexanucleotide has potential to basepair near the 3' end of wheat 18S rRNA (55). No 
conserved, potential 18S ribosomal RNA binding sequence was identified in the 5' UTRs. 
Obviously, further structural comparisons await narrowing down the 3'TE to its minimal 
functional size, and determining the specific role(s) of sequence(s) in the 5' UTR. 
A possibility remains that the 3'TE acts by preventing degradation of uncapped 
mRNA. Because stability of total added mRNA in wheat germ was unaffected by the 
presence of the 3'TE (Fig. 3), differential stability could be explained only if just a few 
percent of the mRNA molecules were acmally associated with polysomes and being 
translated. If this polysomal fraction alone were subject to instability in the absence of 
3'TE, the degradation might not be detected in our Northern blots. In diis case, either the 
3'TE or a 5' cap must prevent instability. 
Although the mechanism by which a 3' sequence can substimte for a 5' m^GpppN 
cap structure is still unclear, the occurance of 3' sequence-mediated cap-independent 
translation in B YDV-PAV RNA and the unrelated STNV RNA which have little sequence 
similarity, suggests that these two viruses arrived by convergent evolution at a similar 
strategy. This provides yet another example of novel mechanisms by which viruses 
interact with host translational machinery to control their gene expression. 
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Figure legend 
FIG. 1. Effect of 3' truncation on translation of transcripts of the BYDV-PAV 
genome. A. Genome organization of BYDV-PAV RNA showing locations of ribosomal 
frameshift site and subgenomic RNAs (sgRNA's 1, 2 and 3) detected in infected cells but 
not virions (5,9). Selected restriction sites are numbered according to their position in the 
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genome (7). Abbreviations: Kp - Kpn I; Sc - Sea I; Ps - Pst I; Be - Bel I; Sm - Sma 1. B. 
Wheat germ translation products of transcripts of BYDV-PAV cDNA clone pPAV6 
transcribed in the presence (C, lanes 3,5,7,9, 11) or absence (U, lanes 4, 6, 8, 10, 12) of 
m^GpppG. Lane 1, products of BMV RNA with molecular weights in kDa shown at left; 
lane 2, no added template; lanes 3 through 12, transcripts of pPAV6 linearized with the 
following restriction endonucleases: lanes 3 and 4, Sma I (full-length, infectious 
transcripts); lanes 5 and 6, Bell; lanes 7 and 8, Pst lanes 9 and 10, Seal; lanes 11 
and 12, Kpn I. Expected sizes, in kDa, of translation products from BYDV-PAV 
transcripts are shown on the right. All reactions were performed with 0.2|ig of added 
mRNA in a volume of 25|jJ at 25''C for 1 hour in the wheat germ extract (Promega), 
containing 0.34 |xM •^•^S-methionine (1,071 Ci/mmol). 
FIG. 2. Effect of deletions in BYDV-PAV transcripts on cap-independent translation. 
Schematic diagram of BYDV-PAV cDNA clones with internal deletions and 
corresponding transcripts from these clones after linearization with various restriction 
enzymes. Bold lines below genome organization represent transcribed RNAs containing 
deletions indicated by the dotted lines. Deletion and 3" truncation sites correspond to the 
restriction endonuclease sites indicated below genome organization. The dependence of 
each transcript on a 5' cap for efficient translation is indicated at right. indicates that 
the translation efficiency (yield of product from 39K ORF or its deleted forms) of 
uncapped transcripts is no more than three-fold lower than that of their capped 
counterparts, and 30-50-fold higher than that of imcapped transcripts indicated by 
also indicates that the translation efficiency of uncapped transcripts is 30-50 fold lower 
than that of their capped counterparts. The 3'TE is shaded. 
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FIG. 3. The 3'TE does not affect transcript stability in wheat germ extracts. pPAV6 
was linearized with Sma I or Sea I (Fig. 1 A) prior to transcription. Transcripts were added 
to a standard wheat germ translation system as in Fig. 1, with aliquots being removed at 
indicated time points. Total RNA was extracted from the translation mix and analyzed by 
Northern blot hybridization (Methods). A. Uncapped transcripts from Sma I-cut pPAV6. 
B. Uncapped transcripts from Sea I-cut pPAV6. C. Quantitation of transcripts as in panels 
A and B. Data represent averages of two and three experiments for 5mal-linearized (filled 
circles) and 5cal-linearized (open circles) transcripts, respectively. 
FIG. 4. Effect of capped and uncapped, 3'TE(+) and 3'TE(-) pPAV6 transcripts on 
translation of BMV RNA. The reactions are the same as in Fig. IB, except that in lanes 
6-9,0.1 \Lg BMV RNA was added to the translation mix. Even numbered lanes contain 
products of capped transcripts (C); lanes 3,5,7,9 contain products of uncapped transcripts 
(U). Lane 1, BMV RNA only; lanes 2,3,6 and 7, transcripts from Sma I-linearized 
pPAV6; lanes 4,5,8 and 9, transcripts from Sea I-linearized pPAV6. Mobilities (in 
kilodaltons) of BMV translation products and expected major translation product from 
pPAV6 transcripts (arrow) are at left. 
FIG. 5. Inhibition of translation by free cap analog. Capped and uncapped transcripts (4 
nM) of pPAV6 linearized with Sma I (3'TE(+)) or Seal (3'TE(-)) were translated in wheat 
germ extracts containing the indicated amounts of cap analog (m^G(5')ppp(5')G). The 
100% relative amount of 39 kDa product is defined for each transcript as the relative 
radioactivity incorporated in the 39 kDa product (measured using Imagequant 3.22) in the 
absence of added cap analog. Data represent the averages of two separate experiments. 
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FIG. 6. Comparison of 3'TE function in wheat germ and reticulocyte lysates. Yield of 
39 kDa product produced in wheat germ (A) or reticulocyte lysates (B) containing 4 nM 
transcripts from Sma I (3'TE(+)) or Sea I (3TE(-)) linearized pPAV6 is plotted with the 
amount of product from capped, 3'TE(+) transcript defined as 100%. Experiments were 
repeated three times. Error bars represent one standard deviation. Conditions for 
translation in rabbit reticulocyte lysates (Promega) were as described previously (5). 
FIG. 7. Translation of GUS from transcripts containing viral sequences in the UTRs. 
Schematic diagrams of chimeric GUS constructs (not to scale) are shown at top. The open 
box represents the GUS coding region. Gray, shaded boxes indicate sequences derived 
from B YDV-PAV, including the 5' UTR and first 9 codons of 39K OEIF (left of GUS 
ORF) fused in-frame with the GUS gene, and the 3' terminal 1164 nt of the BYDV-PAV 
genome (right of GUS ORF). Sequence from EcoICR I to Pst I represents the 3'TE (5cal-
Pstl fragment from pPAV6). The black box represents multiple cloning site sequence 
(bases 1-37) from pGEM5Zf(+) as the 5'UTR in pT7GUS 1 and pT7GUS3'-d2. The 
restriction enzymes used for linearizing the plasmids for transcription are £coICR I (Eco), 
Bam HI. {Bam), Pst I iPst), or Sma I. Solid and dotted lines connecting maps to the lanes 
indicate 5' and 3' ends, respectively, of the transcripts used to generate the products shown 
in the lanes below. Phosphorimage shows translation products of (lane 1) BMV RNA, 
transcripts from pT7GUS 1 (lanes 2,3), pCIGUS (lanes 4-9), and pT7GUS3'-d2 (lanes 10-
15). Restriction endonuclease with which each plasmid was linearized prior to 
transcription is shown above each lane, as is the presence (C) or absence (U) of a cap 
structure. Translation efficiency, indicated below each lane, is the relative amount (%) of 
GUS protein (68 kDa product) detected, with the products of the capped transcript of Sma 
I-cut pCIGUS transcript (lane 8) defined as 100. 
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FIG. 8. Effects of a poly(A) tail on GUS translation. Schematic diagrams of chimeric 
GUS constructs (not to scale) are shaded and aligned with lanes as in Fig. 7. A30 indicates 
location of the 30 base polyadenylate sequence. A. Translation products of transcripts 
from pT7GUS(A+) which contains the same vector-derived 5' leader as pT7GUS 1 (Fig. 7) 
after linearization with Eco RI (lanes 2,3) or £coICR I (lanes 4,5). Lanes 2,4: capped 
transcripts (C); lanes 3,5: uncapped transcripts (U). B. Translation products of transcripts 
from pGUSEAl which contains the same BYDV-PAV-derived 5' leader as pCIGUS (Fig. 
7) and the same 3' UTR as pT7GUS(A+) (Panel A). pGUSEAl was linearized with 
£coICRI (lanes 3,4) or fcoRI (lanes 5,6). Lane 2: no added RNA. Lane I (both panels): 
BMVRNA. 
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TABLE 1. Effect of 3' truncation on the cap dependence and yield of 39kDa product from 
BYDV-PAV RNA transcripts" 
Restriction 
endonuclease 
5' terminus 
of transcripts 
Relative 
translation 
efficiency (%)^ 
-fold increase 
due to capping^ 
-fold decrease 
due to 3' 
truncation'' 
Smal 
Pstl 
Seal 
Kpnl 
m'GpppG 
pppG 
m GpppG 
pppG 
m GpppG 
pppG 
m GpppG 
PPPG 
100 
43.4 ± 7.4 
78.3 ± 2.7 
29.4 ±2.3 
78.4 ± 17.2 
1.6 ± 0.1 
37.0 ± 0.9 
1.0 ± 0.2 
2.3 
2.7 
49 
37 
1 
1 
1.3 
1.5 
1.3 
27 
2.7 
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"Restriction endonuclease used to linearize pPAV6 prior to in vitro transcription (see Fig. 1). 
''Translation efficiency was based on the amount of 39kDa protein produced fn)m 5 nM 
transcript (e.g. 0.2 |ig of transcript from Seal linearized pPAV6) in 1 h in wheat germ extract 
(as in Fig. 1). The relative amount of 39kDa product from capped mRNA transcribed from 
5mal-linearized pPAV6 was defined as 1(X)% translation efficiency. Percentages, + S.D., 
are from three experiments. 
" (Translation efficiency of capped transcript)/(transIation efficiency of uncapped transcript 
from pPAV6 linearized with tiie same restriction endonuclease). 
''For capped transcripts: ratio of translation efficiency of capped, Smal transcript to 
translation efficiency of other capped transcripts. For uncapped transcripts: ratio of 
translation efficiency of uncapped, Smal transcript to translation efficiency of other uncapped 
transcripts. 
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Plasmid Deletions 
pPAVMI 28604148 
pPAVMI 2860-4148, 5009-5677 
pPAVM2 1740-4837 
pPAVM2 17404837, 5009-5677 
pSPM 1120-4513* 
pSPM 11204513, 5009-5677 
pSPM 11204513, 4837-5677 
pBS6 5784513, 5009-5677 
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CHAPTER 3. A VIRAL SEQUENCE FOLLOWING THE CODING REGION 
MIMICS THE 5' CAP TO ENHANCE TRANSLATION 
A paper to be submitted to ttie EMBO Journal 
Shanping Wang, Karen S. Browning, W. Allen Miller 
Abstract 
For efficient translation initiation by the ribosome, eukaryotic messenger RNAs 
normally contain a 5' cap structure (m^G(5')ppp(5')N). Here, we report a plant viral 
sequence, called a translation enhancer (3'TE) located in the 3' untranslated region (UTR) 
which, in conjunction with the 5' UTR stunulates translation of a reporter gene from 
uncapped mRNA by >50-fold in vitro and at least 100-fold in vivo to a level equal to that of 
optimally designed capped mRNAs. This sequence had little effect on mRNA stabihty. A 
four base dupUcation in the 3'TE destroyed the stimulatory activity. Translatability was 
recovered by addition of a 5' cap to this mRNA. The 3'TE enhances translation of uncapped 
mRNA through efficiently recruiting cap binding complex, eIF-4F. Translation of both 
uncapped mRNA containing the 3'TE and capped mRNA lacking any viral sequences were 
inhibited in trans by 3'TE RNA, but not the defective 3'TE RNA that had the 4 base 
duplication within it. The rranj-inhibition of translation by the 3'TE RNA could be 
reversed by exogenous eIF-4F, suggesting diat the 3'TE and 5' cap share the same function 
in stimulating translation. The 5'UTR could not be replaced by vector-derived or TMV 
sequence for the 3'TE to fimction. However, the interaction of the 3'TE with the 5'UTR 
was not required for the stimulatory effect of 3'TE when 3'TE was moved to the 5' UTR of 
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the reporter gene. To our knowledge , this is the first report that a sequence at the 3'UTR 
can enhance translation in vivo. Being located in the 3' UTR and able to stimulate 
translation of uncapped mRNA by efficiently recruiting cap binding complex, this translation 
stimulatory element may provide new knowledge by which mRNAs interacts with the 
translational machinery. In addition, this sequence can be exploited for high level expression 
of proteins from uncapped transcripts in eukaryotes. 
Introduction 
All eukaryotic cellular mRNA has a 5' cap structure (m^G(5')ppp(5')N)- This 5' cap 
structure is required for efficient translation initiation in the cells (Shatkin, 1976). It is 
believed that translation initiation is usually the rate limiting step in the process of translation. 
The current ribosomal scatming model of eukaryotic translation initiation states that 
translation initiation factor eIF-4F (cap binding complex) first specifically recognizes the 5' 
cap, and then with the help of other initiation factors, 43S initiation complex binds to the 5' 
end of mRNA and scans in the 5' to 3' direction (Kozak, 1989; Sonenberg, 1996). In 
mammalian cells, initiation factor eIF-4E (one of the three components in the cap binding 
complex) is the rate limiting factor (Duncan et al., 1987). In plant cells, two forms of cap 
binding complex exist, eIF-4F, consisting of 26kDa and 126kDa subunits, and (iso)eIF-4F, 
consisting of 28kDa and 86kDa subunits (Browning et al., 1987). Although functionally 
similar, (iso)eIF-4F exists in much higher levels than eIF-4F. Plant cap bmding complexes 
are structurally similar to those of mammals (Allen et al., 1992). 
Although die ribosome scanning model successfully explained translation of most of 
eukaryotic cellular mRNAs and emphasized the importance of 5' cap structure in translation 
initiation, it neglected the role of other components on the mRNA m the regulation of 
translation. The regulatory elements of translation can also exist in the 3'UTR of mRNA. 
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The most common feature, the 3" poly(A) tail, appears to function in regtilating translation 
initiation, in addition to its function in stabilizing RNA. Poly(A) tails enhance translation cap 
dependently in vivo but have little effect on translation in wheat germ extract (Gallie, 1991; 
Jacobson, 1996). The 5' cap and poly(A) tail act synergistically to stimulate initiation in vivo 
(Gallie, 1991). It was reported that the 3' poly(A) tail stimulates translation initiation via 
poly(A) binding protein (Tarun and Sachs, 1995). These results have demonstrated that the 
3' end of mRNA interacts with the 5' end of an mRNA in regulating initiation of translation. 
Other cw-sequence in the 3UTR can also regulate translation initiation. The translational 
control elements in the 3'UTR of cellular mRNAs can be classified into two broad 
categories. One of them is to regulate translation through controlling the 3'poly(A) tail 
length, which in turn regulates translation via poly(A) tail-mediated translation stimulation 
(Sheets et al., 1995; Simon and Richter, 1994). The other group of regulatory cw-elements 
in the 3'UTR are found mostly in the early stage of vertebrate development (Wickens et al., 
1996). All of this class of c/j-elements were found to inhibit translation initiation via 
regulatory proteins (Curtis etal., 1995; Dubnau and Struhl, 1996; Standart and Jackson, 
1994; Wickens etal., 1996). 
RNA virus genomes have more diversified structures than eukaryotic cellular 
mRNAs. Some virus RNAs lack a 5" cap and some lack a poly(A) tail, or both. However, 
translation of these viral RNAs must fit into the general scenario of eukaryotic translation 
machinery. Therefore the viral RNAs evolved various strategies to effeciently express their 
genes. The most well documented example is from the study of translation of picomavius 
RNA (Jackson and Kaminski, 1995; Samow, 1995). Picomaviral RNA does not have a cap 
structure at its 5' terminus and has an extremely long, highly structured 5' untranslated 
region (5'UTR), which has about ten unused AUG codons upstream of the start codon of 
the main open reading frame (ORF). An internal ribosomal entry site (IRES) was found in 
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the STJTR responsible for the cap-independent translation (Jang et ai, 1988; Pelletier and 
Sonenberg, 1988). Although cap-independent translation does not conform to the rule of 5' 
cap- elF-4F recognition, it fits into the general scheme of 43S ribosomal complex moving 
direction of 5' to 3' end. 
For a virus that lacks a poly(A) tail in the genome, it was found that a sequence in the 
3'UTR could fimctionally substitute for a poly(A) tail to synergistically stimulate translation 
with 5' cap (Gallie, 1991). Furthermore, ui a viral RNA that lacks both 5' cap and 3' 
poly(A) tail, such as satellite tobacco necrosis virus (STNV) RNA, its translation in wheat 
germ extract showed that a portion of 3'UTR following the only coded protein could 
stimulate translation of uncapped mRNA in the presence of part of the 5'UTR (Danthiime et 
ai, 1993; Timmer et al, 1993). Its effect on translation of uncapped mRNA has not yet 
been shown in vivo. 
Previously, we reported that a sequence (called 3TE for 3' Translation Enhancer) at 
the 3'UTR of barley yellow dwarf virus-PAV, (BYDV-PAV), RNA can strongly stimulate 
translation (-50 fold) of uncapped mRNA in wheat germ extract (Wang and Miller, 1995). 
It is similar to the results obtained from translation of satellite tobacco necrosis virus (STNV) 
RNA in wheat germ extract (Danthinne et al., 1993; Timmer et ai, 1993), which was 
naturally uncapped. Here we report that a subset of sequence (109 nt) within the previously 
defined 3'TE can stimulate translation of uncapped mRNA in vivo. A four base duplication 
within the 3'TE abolished its translation enhancing activity. 3'TE stimulated translation of 
uncapped mRNA by efficiently recruiting cap binding complex through 5' and 3' interaction. 
These data have provided new information of the role of the 3'UTR in regulating translation 
initiation. 
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Results 
Localizarion of minimal 3TE sequence 
Previously, we showed that a 500 base region (3TE) in the genomic RNA of a 
major cereal pathogen, the PAV barley yellow dwarf virus, stimulated translation in vitro 
(Wang and Miller, 1995). Here, we test the ability of smaller portions of this region to 
stimulate translation of uncapped mRNA. The mRNAs are in vitro transcripts comprising 
the E. coli uidA (GUS) reporter gene flanked by various 5' and 3' UTRs (Fig. la). 
Uncapped GUS mRNA that contains the 109 nt sequence spanning the intergenic region 
between PAV ORFs 5 and 6 (bases 4817- 4925) in its 3' UTR was translated with the same 
efficiency in vitro as transcripts that contain the larger (500 nt) 3TE sequence (Fig. lb, lanes 
3-5). It yielded more than 50-fold more GUS protein than transcripts lacking the 3'TE (Fig. 
lb, compare lanes 2 and 3). Thus, a subset (bases 4817-4925) of previously reported 500 
base firagment is sufficient to confer translation enhancement of uncapped mRNA in wheat 
germ extract. To confirm the specificity of the stimulation by the 109 base 3'TE, a mutation 
was made in the 3'TE by inserting a four base duplication (GAUC) in the BamlU4S37 site 
within the 3'TE sequence (Fig. la, PGUS109BF). This four base duplication destroyed the 
stimulatory activity of the 3'TE (Fig.lC, compare lane 2,4 and 6). Addition of a 5' cap 
rescued translation of these mutant transcripts to the level observed for uncapped, 3'TE-
containing PGUS109 (Fig. IC, lane 4 and 5). A poly(A) tail had Uttle effect on translation 
of any transcripts in wheat germ extracts (Fig. IC, compare lane 7-10 to 3-6), which is 
consistent with the previous results (Wang and Miller, 1995). 
Activity of the 3'TE in vivo. 
To assess the effects of the 3'TE in vivo, GUS-encoding transcripts were 
electroporated into oat protoplasts and ttanslatability was measured by assaying for GUS 
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activity. An uncapped control transcript, containing a multiple cloning site-derived 5' UTR 
and a 30 nt poIy(A) tail yielded no significant GUS activity (Fig. 2, VecGUSA+). When 
capped, this mRNA expressed GUS at 50-fold above background, indicating the normally 
essential role for a 5' cap and synergistic action between poly(A) tail and 5' cap (Gallic, 
1991). Replacement of the 5'UTR with that from PAV stimulated GUS expression from 
capped mRNA 3-fold further (Fig. 2, PGUSA+). In contrast to our observation in wheat 
germ extracts, addition of the 109 nucleotide 3'TE was not sufficient for translation 
of uncapped mRNA in vivo (Fig. 2, compare uncapped PGUS109 and uncapped PGUS). 
Presence of a poly(A) tail along with the 3'TE resulted in a 10-fold increase above 
background in GUS expression from uncapped mRNA (Fig. 2, compare uncapped 
PGUS 109A+ with uncapped PGUS 109). Addition of a 5' cap to this transcript stimulated 
GUS expression by another order of magnitude (Fig. 2, compare capped PGUS 109 A-H with 
uncapped PGUS 109A+). 
Because the 109 nt 3'TE did not ftiUy facilitate translation of uncapped mRNA in 
vivo, we tested the effect of a longer viral sequence in the 3' UTR to see if additional viral 
sequences were necessary in vivo. PAV bases 4513 to 5677 (the 3' end of the genome) 
were placed in the 3'UTR of the GUS reporter construct. Uncapped transcript from this 
plasmid gave activity >100-times background (Fig. 2, PGUS 1162). Addition of a cap 
stimulated expression no more than two-fold (Fig. 2, compare capped and uncapped 
PGUS 1162). The four base duplication in the BamHi4S37 site abolished expression from 
uncapped transcript (Fig. 3a, compare uncapped PGUS 1162BF with uncapped 
PGUS 1162), verifying the specificity of the 3'TE effect. This duplication in the 
fiamHl4837 site had no effect on expression of the capped transcript (Figs. 3a, compare 
capped PGUS 1162BF with capped PGUS 1162). Interestingly, the stimulatory activity of 
the 3'TE on uncapped mRNA by the frill 3'end of BYDV-PAV sequence did not require a 
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poly(A) tail, both in vitro and in vivo (Fig. 3a, 3b, compare PGUSl 162 and 
PGUS1162A+). Thus, full stimulation of cap-independent translation requires more viral 
sequence in vivo than in vitro. All die results above were obtained from RNA transcripts 
that contained the S'UTR from BYDV-PAV sequence (indicated by P preceding GUS in the 
transcript name). The requirement of the S'UTR from BYDV-PAV EINA was examined by 
replacing it with the S'UTR (called Q) of tobacco mosaic virus (TMV) RNA. This sequence 
stimulates translation in vitro (with or without a cap) and in vivo, but is highly cap-
dependent in vivo (Gallie, 1991; Sleat and Wilson, 1992). Substitution of the PAV S' UTR 
with Q abolished translation of uncapped mRNA in vivo, even in the presence of the 1162 
nucleotide virus-derived 3' UTR (Fig. 3a, QGUS1162). Thus the 3'TE requires at least a 
portion of the BYDV-PAV S'UTR. The stimulatory effect of Q on translation of uncapped 
mRNA in vitro was confirmed in Fig. 3b (compare lane 4 and 8). Hence, the 3'TE function 
in stimulating translation of uncapped mRNA required the S'UTR of BYDV-PAV, implying 
the interaction between 3' and S'UTRs. 
The 3'TE had no effect on RNA stabilitv 
As the 3'TE function in stimulating gene expression was based on the protein 
product accumulation (in vitro) and enzymatic activity (in vivo), it is important to 
differentiate the 3'TE function at the level of stimulating translation initiation or increasing 
RNA stability. We showed previously that the 3'TE did not increase RNA stability in wheat 
germ extracts (Wang and Miller, 199S). To test any effect of 3'TE on RNA stability in vivo, 
RNA transcripts with wildtype 3'TE or fiamHI-fill in defective 3'TE were electroporated 
into oat protoplasts under the same condition as GUS gene expression experiments, and the 
RNA degradation rate was determined by Northern blot hybridization. From the outset, 
much of the RNA was degraded, as judged by the presence of large amount of low 
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molecular weight RNA in the bottom of the blot (data not shown). However, the RNA 
transcripts with wild type 3'TE or defective 3'TE had no significant difference in rate of 
disappearance of fiiU-length GUS transcript (Fig. 4a). 
Northern hybridization detects stability of all GUS transcripts regardless of whether 
they are accessible to ribosomes. It is possible that the vast majority of the electroporated 
RNAs may be compartmented or in some other way made inaccessible to ribosomes. To test 
the functional stability of GUS mRNAs that are actually translated, the kinetics of GUS 
synthesis was measured (Fig. 4b). Independent of the efficiency of translation initiation and 
regardless of total amounts of GUS activity produced, the GUS activity (a very stable 
enzyme) would level off sooner for a functionally unstable mRNA than a stable one. Of the 
three mRNAs tested for which GUS activity was detectable, GUS enzyme continued to 
accumulate until at least 30 hr after electroporation (beyond the 20 hr timepoint used in Fig. 
2 and Fig. 3a). The uncapped GUS 1162 mRNA appeared slightiy less stable than its capped 
counterpart, but showed a very similar stability to the capped GUS 1162BF mutant. Thus, 
the capped mRNA lacking a wildtype 3'TE (GUS1162BF), and uncapped mRNA containing 
a 3'TE (GUS 1162) have similar "functional" stabilities, arguing that die 3'TE and 5' cap 
contribute equally if at all, to mRNA stability. Regardless of what the level of this 
contribution is, the results support our hypothesis that the 3'TE mimics the function of 5' 
cap. 
3'TE decreased the requirement of eIF-4F for efficient transladon 
The 3'TE may interact with the 5'end of mRNA, as is supported by the results of 
5'UTR replacement experiment (Fig. 3). This interaction could be through long-distance 
basepairing between 3' and 5' ends of mRNA or through a rra/j^-acting factor(s) that brings 
the two ends together. One possible role of the 3'TE in enhancing translation of uncapped 
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mRNA is to efficiently recruit essential initiation factor(s), which facilitates the ribosomal 
small subunit binding to the mRNA, as it is done by the 5'cap in all eukaryotic cellular 
mRNAs. The specific binding of cap binding complex (eIF-4F) to the 5' cap structure 
greatly enhances translation of capped relative to uncapped mRNA. It was reported that a 
sequence firom satellite tobacco necrosis virus RNA was able to decrease the eIF-4F 
requirement in the translation in vitro (Fletcher, 1990). Hence, the eIF-4F requirement by 
3'TE(+) and 3'TE(-) mRNA, with or without 5'cap was determined (Fig. 5a). The 
endogenous eIF-4F in wheat germ extract was not rate limiting for either capped or uncapped 
3'TE(+) mRNA, because translation efficiency of these two species RNA did not increase 
significantly, with the addition of exogenous eIF-4F (Fig. 5a, lane 1-5 and 6-10). 
However, the endogenous eIF-4F was rate limiting for uncapped 3'TE(-) mRNA, because 
translation efficiency of this mRNA increased with the addition of exogenous eIF-4F (Fig. 
5a, lane 11-15). This indicates that the 3'TE lowers the requirement of eIF-4F for efficient 
translation. 
To verify the specificity of the effect of 3'TE on the eIF-4F requirement, another 
initiation factor (iso)eIF-4F (Browning et al., 1987) and a protein that is not involved in 
translation initiation, bovine serum albumin (BSA) were used as controls. While BSA had 
no effect on the translation of any RNA tested (data not shown), exogenous (iso)eIF-4F had 
no effect on capped or uncapped 3'TE(+) mRNA (Fig. 5b, lane 1-5 and 6-10), but slightiy 
increased the translation of uncapped 3'TE(-) mRNA (Fig. 5b, lane 11-15). These results 
suggest that the 3'TE enhances dranslation of uncapped mRNA by either efficientiy recruiting 
eIF-4F or bypassing the need for eIF-4F altogether. 
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3TE inhibits translation of both capped and uncapped mRNA in trans 
If the 3TE enhances translation initiation by efficientiy recruiting cap-binding 
complex mainly eIF-4F, directly or indirectly, then we predict that the 3'TE transcript should 
inhibit translation of uncapped 3'TE(+) mRNA in trans by acting as a competitor for eIF-4F. 
To test this prediction, die effect of the 109 nt transcript comprising only the 3'TE RNA on 
translation of various mRNAs was examined in wheat germ extract. As shown in Fig. 6a, 
translation of uncapped 3'TE(+) mRNA (PGUS109) was inhibited with the addition of 3'TE 
RNA as competitor (Fig. 6a, lane 1-5). The defective 3'TE (BamHI^gjy fill-in 3'TE) had no 
significant effect on the translation of uncapped PGUS109 (Fig. 6a, lane 6-10), 
demonstrating the specificity of the rra/w-inhibition by the wildtype 3'TE. 
If the 3'TE functions by recmiting cap binding complex, it should also /ra/i^-inhibit 
translation of capped mRNA lacking any B YDV-PAV sequence. This was indeed the case. 
As was shown in Fig. 6b, wild-type 3'TE RNA fran^-inhibited translation of capped mRNA 
containing the Q sequence in its 5'UTR (Fig. 6b, lane 1-5). Again, the defective 3'TE 
RNA (3'TEBF) had no effect on the translation of this capped mRNA in trans (Fig. 6b, lane 
6-10). Thus, the 3'TE inhibits by competing in a specific way for the same translational 
machinery that is required for normal cap-dependent translation. In addition, because the 
capped nous RNA lacks any BYDV-PAV BtNA sequence, translation inhibition of the 
mRNA by the 3'TE could not be due to the basepairing between the 3'TE and the iiGUS 
RNA. 
rmnj'-inhibition of translation bv 3'TE RNA is reversed bv exogenous eIF-4F 
If, the 3'TE facilitates translation of uncapped mRNA (in cis) by efficientiy recruiting 
cap binding complex, the rrans-inhibition of both capped and uncapped mRNA by 3'TE 
RNA should be reversed by addition of exogenous eIF-4F. To test this hypothesis, the 
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effect of exogenous eIF-4F on the translation of uncapped mRNA and capped mRNA was 
examined in the presence of inluTjitory levels of the 3TE RNA in wheat germ extract. As 
shown in Fig. 7a, in the presence of 80-fold excess of 3'TE RNA, the translation of 
uncapped PGUS109 was inhibited to 3% of that with no 3'TE competitor RNA. This trans-
inhibition by 3'TE RNA was reversed to 60% of that with no 3'TE competitor RNA, when 2 
|Xg of eIF-4F was added in the translation reaction. However, only 10% of translation 
efficiency was restored, when 2 ^ig (iso)eIF-4F was added in the translation reaction, which 
was consistent with the observation that 3'TE more efficiently recruiting eIF-4F than 
(iso)eIF-4F. 
The inhibitory effect of 40-fold excess of the 3'TE on translation of capped QGUS 
mRNA was also reversed by exogenous eIF-4F (Fig. 7b). Therefore, 3'TE competes for 
cap-binding complex, direcdy or indirecdy. When 3'TE is located on the mRNA in cis, it 
stimulates translation by efficiently recruiting cap-binding complex. When 3'TE was present 
in trans, it titrates the cap-binding complex, therefore inhibits translation. 
3'TE functions when it is moved to the 5' end of GUS mRNA 
If the 3'TE acts by recruiting ribosomes via eIF-4F, analogous to a 5'cap, tiien it 
should function when located at the 5' end of the mRNA. Hence, 3'TE was moved to the 5' 
end of GUS gene in construct 109GUS in place of the original BYDV-PAV 5'UTR. This 
mRNA translated efficientiy in a cap-independent manner (Fig. 8a, compare lane 3 and 4). 
Consistent with the effect of four base insertion in die BamHI^gj^ site in die 3'TE at the 
3'UTR, this four base duplication also destroyed 3'TE's function when it was located at the 
5'UTR (Fig. 8a, compare lane 6 to 4). The capped mRNA, even with the nonfiinctional 
3'TE at the 5'UTR, was still translated efficiently (Fig. 8a, compare lane 5 to 3), consistent 
with the results when the mutant 3'TE was located in the 3'UTR (Fig. Ic). The 5'-located 
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3'TE stimulated translation in vivo (>30 fold over background) when poly(A) tail was 
present on the mRNA (Fig. 8b). Presence of a 5' cap stimulated translation 7-fold fiarther, 
similar to when 109 3'TE was present in the 3'UTR of polyadenylated mRNA (PGUS109A, 
Fig. 2). The specificity of the 3'TE function at the 5' end was confirmed by the loss of 
stimulatory fimction on uncapped mRNA when defective 3TE (109BFGUSA) was used 
(Fig. 8b, compare uncapped 109BFGUSA with uncapped 109GUSA). 
If the mechanism of 3TE in translation enhancement when it was located at the 
5'UTR was the same as that when it was located at the 3'IJTR, we predicted that the 3'TE 
would fran^-inhibit the translation of uncapped GUS that had 3'TE at the 5'UTR. Indeed it 
was as expected. 3'TE inhibited translation of uncapped mRNA that had 3'TE at the 5'UTR 
(Fig. 8c, lane 1-5), whereas the mutant 3'TE had no effect on the translation of the same 
mRNA (Fig. 8c, lane 6-10). Thus, the 5'UTR from BYDV-PAV RNA is not necessary 
when the 3'TE is located in die 5'UTR. 
Discussion 
In this report we have narrowed down the sequence responsible for stimulating 
translation of uncapped mRNA to a 109 sequence located in the intercistronic region at the 
3'UTR of BYDV-PAV genome. Also, we have extended our study of the 3'TE to its 
stimulatory effect on translation in vivo. As the 3'TE was located at the 3' end of the 
mRNA, interaction between the 5' and 3' end must occur, given the fact that moving 
direction of ribosomes is from 5' to 3' end. This hypothesis was confirmed by the result 
that 5'UTR of TMV (Q) failed to support the fimction of 3'TE. The interaction between 
3'TE and 5' UTR of BYDV-PAV could be either through long distance basepairing or 
mediated through trans-acting factor(s). The first possibility is unlikely, because, first, we 
found no conserved potential basepairing between 5' and 3' UTRs. Secondly, the fact that 
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3TE could /ranj-inhibit the translation of capped QGUS mRNA argues against the existence 
between 5'UTR of BYDV-PAV with the 3'TE. Thus, the 3' and 5' end interaction may be 
mediated through a trans- acting factor(s). Although it is an appealing model that a trans­
acting factor brings the two ends together, as found in the interaction of pseudoknot region 
in the SUTR with the Q sequence (Gallic, 1996), it is also possible that a trans-acting first 
recognize 3' TE and then interact with initiation factor, such as eIF-4F, which in turn 
interacts with the 5' end, as was shown in the case of the poly(A) tail mediated translation 
initiation via poly(A) binding protein (Tarun and Sachs, 1995). 
Our experiments to measure the RNA degradation rate indicated that there is no 
significant difference of RNA stability between the uncapped 3'TE(+) (PGUS1162) and 
uncapped 3'TE(-) (PGUS 1162BF) transcripts (Fig. 4). Because the 5' cap can protect RNA 
from degradation, it raises a question how the uncapped mRNA with the 3'TE escapes from 
RNase attack in the cell. Given the fact that one of the main RNA decay pathways is 
deadenylation dependent (Muhhrad and Parker, 1994), our results are consistent with the 
model that the 5' and 3' end interaction blocks the 5'->3' degradation (Decker and Parker, 
1994). According to this model, some eukaryotic cellular mRNAs are deadenylated first, 
followed by decapping and then degraded in the direction of 5'->3'. Because the mRNAs 
undergoing efficient translation initiation are associated with poly(A) binding protein and 
other translation initiation factors to form mRNP structure (Jacobson, 1996; Munroe and 
Jacobson, 1990; Sachs and Wahle, 1993), these mRNAs are more resistant to the 
ribonuclease attack. Our results showed that 3'TE along with the rest of 3' end of BYDV-
PAV RNA interacted with the 5' end to stimulate translation. This interaction might inhibit 
the ribonuclease attack on the mRNA. The results that capped and uncapped 3'TE(+) 
mRNA (PGUS 1162) had no significant difference on fimctional RNA stability (Fig. 4b) 
could also be explained by this model. The low expression of GUS protein by uncapped 
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QGUS1162 and QGUS1162A could be either due to high degradation rate of these two 
mRNAs or due to inefficient translation initiation because of lack of interaction between 5' 
and 3' ends. 
How might the 3'TE sequence function? It may recruit ribosomes directly and/or 
bind initiation factors. Sequence comparisons support a ribosome binding hypothesis. A 17 
nucleotide portion of the 3TE is perfectly conserved near the 5' ends of the 3' UTRs of all 
subgroup I luteoviruses including 11 PAV isolates, as well as tobacco necrosis virus (TNV, 
the helper for STNV) (Fig. 9). Like the infectious PAV6 transcript, TNV RNA lacks a 5' 
cap (Lesnaw and Reichmann, 1970). This conserved region contains the sequence 
GAUCCU which could base-pair near the 3" end of 18S rRNA to facilitate ribosome binding 
by analogy with a prokaryotic-like mechanism proposed for ribosomal recognition of 
picomaviral IRES's (Pilipenko etal., 1992) and for STNV RNA(Danthinne etai, 1993). 
Significantly, the GAUC dupUcation that inactivates the PAV 3TE is immediately adjacent to 
the potential rRNA-binding sequence (Fig. 9). Thus, the duplication could potentially 
disrupt 3TE-18S rRNA interactions. The 17 base sequence is poorly conserved in the 3' 
UTR of STNV, which by definition has no substantial homology to TNV RNA, but 
computer ahgnment of the stimulatory region of the STNV 3' UTR with the above viral 
RNAs also aligns the proposed rRNA binding sequences (Danthinne et al., 1993). 
The 3TE may recruit translation initiation factors directly. STNV RNA has reduced 
dependence on eIF-4F (Timmer et al., 1993). 3' UTR sequences (poly(A) tails) have been 
reported to bind initiation factors eIF-4F and 4B (Gallie and Tanguay, 1994) or poIy(A) 
binding protein (Tarun and Sachs, 1995) to facilitate initiation at the 5' AUG, but these 
sequences require a 5' cap to stimulate translation. Whether the 3'TE acts by recruiting 
initiation factors, ribosomes or both, communication with the 5' end of the RNA must occur. 
We propose that a fra/i^-acting factor(s) binds these sequences to bring them together. 
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Proteins are known that functionally interact with both ends of niRNAs(Dubnau and Struhl, 
1996; Schnierle et ai, 1992; Tarun and Sachs, 1995). 
Although our results showed that eIF-4F can reverse the rra/zj-inhibition of 
translation by 3'TE, it, by no means, indicates that eIF-4F interacts directly with the 3TE 
and SUTR, hence stimulating translation of uncapped mRNA. The experiments of trans-
inhibition of translation by 3TE, as well as reversion of /ra«5-inhibition by eIF-4F could be 
interpreted by the existence of an unknown trans-acting factor. In this scenario, the 3'TE 
RNA competes for the unknown trans-acting factor. Then eIF-4F was titrated off by the 
3TE RNA-unknown trans-ac^g factor complex, so that translation of the mRNA was 
inhibited. As eIF-4F can bind RNA promiscuously (Jaramillo et al., 1991), we are so far 
unable to show the difference of its physical affinity of 3'TE and defective 3'TE. Further 
investigation will determine the nature of 5'-3' communication and how a 3' RNA sequence 
efficientiy recruit cap binding complex. 
Our results provided a new role for a 3' UTR in regulating translation initiation, i.e. 
stimulating translation of uncapped mRNA through interaction with 5'UTR. Why does 
3'TE function contrast to the inhibitory role of 3'UTR (non-poly(A) tail) m the eukaryotic 
cellular mRNAs? In most, if not all, cellular mRNAs, poly(A) tail and 5' cap synergistically 
stimulate translation in a default pattern. Considering that translation is an energy consuming 
process, this 3' and 5' interaction warrants the efficient translation of intact mRNA instead of 
truncated mRNA, thus avoiding a waste of energy. With the requirement of temporal and 
spatial regulation of different mRNAs, cw-acting elements in the 3'UTR regulates this 
default pattern by using trans-acting factors on the 3'UTR to inhibit translation. Of course, 
this inhibitory effect by 3'UTR is also regulated through the regulation of trans-acting factor. 
In the absence of poly(A) tail in some RNA viral genomes, a poly(A) tail-equivalent in the 
3'UTR has evolved to warrant the translation of intact mRNA instead of degraded RNA. In 
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the case of uncapped viral RNA, it must also evolve a way to efficiently recruiting essential 
translation initiation factors, especially rate-limiting factors, for ribosomes to take advantage 
of eukaryotic translation machinery. Picomavirus is a good example of a way to bypass its 
lack of cap, which is essential for eukaryotic translation. Our preliminary data have shown 
that B YDV-PAV virion RNA is not capped (Wang et al. manuscript in preparation). B YDV-
PAV may represent another class of examples to use its 3'TE to fulfill both the fiinctions of 
3' and 5' interaction to avoid non productive translation and efficiently recruiting cap binding 
complex, which is believed rate limiting in plants and animal cells. 
From the practical point of view, the finding that 3TE can highly stimulate 
translation of uncapped mRNA will provide a very powerfiil tool to express the gene that is 
transcribed from RNA polymerase EI, which is not capped (Gunnery and Mathews, 1995) 
and phage T7 RNA polymerase. 
Material and Methods 
Plasmid Construction. pGUS 1162 and pGUSA (formerly pCIGUS and pGUSEA) 
and pVecGUSA were described previously (Wang and Miller, 1995). To construct 
pGUS1162A, the poly(A)-containing, Smal-PvMlI-fragment of pSP64poly(A) (Promega) 
was cloned into 5/naI-cut pGUS 1162. pGUS 109A was derived from pGUSEA. First, the 
109 nt sequence corresponding to PAV bases 4817 to 4925 was amplified by PGR using 
primers: 5'GCGGAGCTCAGACAACACCACTAGCAC 3' and 
5'GCGGAGCTCCATCGGCCAAACACAATAC 3". The product was cut with Sad 
(underlined, an isoschizomer of fcoIRCI) and ligated into 5acl-digested pGUSEA. To 
construct pGUS109, the amplified 109 base fragment from PAV6 was inserted into Sacl-
digested pGEM3Zf(+) giving rise to pT7-109. Then the Smal-EcoRL fragment from pT7-
109 was ligated to fcoICRI-fcoRI-digested pGUS 109A. Plasmids containing the GATC 
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duplication at the site (BF) were constructed by cutting, Klenow-filling, and re-
ligating the BamYQ. site. pQGUS 1162A was constructed via a series of intermediate 
plasmids. A fragment corresponding to the Q. sequence and 5' end of the GUS coding 
region was PGR amplified from pAGUS-Tn2 (Skuzeski et aL, 1990) with the primers: 5' 
GCGGCGGCCGCTAATACGACTCACTATAGGTATTTTTACAAC3' and 5' 
TCGCGATCCAGACTGAATGC 3'. Following digestion with Notl (underlined) and Ncol 
(internal), the amplified fragment was cloned into Notl-Ncol-cut pSLl 180 (Pharmacia) 
giving rise to pSLTil. Intermediate plasmid pSLQGUS A, was constructed by subcloning 
the GUS gene and poly(A) tail from pVecGUSA into the Ncol and £coRI sites of pSLn2. 
The Cyp45I-£coRI fragment of pGUS 1162A was cloned into similarly-cut pSLiiGUSA, 
resulting in pQGUS 1162A. All constructs were verified by automatic DNA sequencing. 
RNA synthesis The plasmids were digested at appropriate sites as indicated in Fig. 
la. Uncapped transcripts were synthesized with Megascript kit (Ambion, TX). Capped 
transcripts were synthesized with T7 Message mMachine (Ambion, TX). The RNA amount 
was determined by spectrophotometer. RNA integrity was examined by 1% agarose gel 
electrophoresis. 
In vitro translation Capped or uncapped transcripts were translated in wheat germ 
extract (Promega) as described previously (Wang and Miller, 1995). When competition 
experiment was performed, the competitor RNA, either 3'TE RNA or 3'TEBF was first 
mcubated with the wheat germ extract at room temperature for 5 minutes before the tested 
mRNA was added in the translation reaction. 
RNA electroporation in protoplasts and GUS assay Oat (Avena sativa, cv. Stout) 
protoplasts were prepared, electroporated with IWA, cultured as described previously 
(Dinesh-Kumar and Miller, 1993). GUS reporter gene assays were performed as in 
(Dinesh-Kumar and Miller, 1993), except that 30 pmol (subsaturating amounts) of the 
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indicated transcripts were used instead of DNA. Cells were assayed 20 hr after 
electroporation, at which time GUS activity was still accumulating linearly. To measure the 
functional half-life of mRNA, 20 |j.g of mRNA was electroporated into oat protoplasts, and 
the GUS activity at a series of time points was determined. 
Northern blot hybridization RNA from electroporated oat protoplasts was isolated 
and 5 ug of RNA was subjected to electrophoresis as described in (Mohan et aL, 1995). 
labeled antisense GUS gene RNA transcribed from pVecGUS using SP6 polymerase was 
used as probe to detect the GUS RNA. 
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Figure legends 
FIG. 1. a. Maps of transcripts. Genome organization of PAV RNA with numbered ORFs 
(Miller et aL, 1988) is shown at top. The 109 nt 3'TE is the intergenic region between 
ORFs 5 and 6 (dotted lines). Maps below genome map depict transcripts coding for GUS 
(open box) containing viral sequence (bold lines), vector or Q sequence (thin lines), or 
poly(A) tails (A30) in then: UTRs. Maps on the right differ from those to dieir left only by 
the GATC duplication at the BamHL^g^-, site (*). Abbreviations: Sc, Scal4513; B, 
BamHl^^^; P, Pstl^; Sm, Smal^^jj (numbered as in (Miller et al, 1988)) Rl, fcoRI; 
ICRl, EcoICRI. b. Wheat germ translation of indicated transcripts. 0.2 pmol of each 
uncapped mRNA was translated and their products analysed electrophoretically as 
described. (Wang and Miller, 1995). Molecular weights (in kDa) of translation products of 
brome mosaic virus (BMV) RNA (lane 1) (97 and 104 kDa) and GUS (68 kDa) are at left. 
Translation efficiency in lanes 5 was defined as 100%. Templates used in lanes 2-5 were 
prepared by run-off transcription from plasmids linearized with the indicated restriction 
enzymes, c. All transcripts in lanes were from £"coRI-cut plasmids, except for lane 1 and 2, 
which were from Eco/C/JZ-cut plasmid. Lanes 1-10: C, capped transcript; U, uncapped 
transcript. The relative radioactivity in the GUS product as determined with a 
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Phosphorimager is indicated below each lane. 
FIG. 2. GUS expression in protoplasts electroporated with transcripts, shown in Fig. la, 
containing various 5' and 3' UTRs. GUS activity is measured in nmoles (nm) of 
methylumbelliferone (MU) produced per ng of cellular protein after a 2 hr reaction. 
Transcripts (see Fig. la) containing a poly(A) tail (A+) are from EcoRI-linearized plasmids, 
those ending in the 1162 nt UTR are from plasmids linearized with Smal. Transcript PGUS 
is from EcoICRI-linearized pGUS109. Data represent averages (+/- SD) from three separate 
experiments, each of which was performed in duplicate. 
FIG. 3. The requirement of 5'UTR for the 3'TE function, a, GUS gene expression in oat 
protoplasts electroporated with transcripts shown in Fig. la. GUS activity is measured in 
nmoles (nm) of methylumbelliferone (MU) produced per |ig of cellular protein after a 2 hr 
reaction. Transcripts containing a poly(A) tail (A+) are from EcoRI-Uneaiized plasmids, 
otherwise are from 5mal-linearized plasmids. Data represent averages from two separate 
experiments each of which was performed in duplicate, b, Wheat germ translation products 
of transcripts used in panel a were analyzed and quantitated as in Fig. 1. C, capped; U, 
uncapped transcript. 
FIG. 4. a. RNA degradation rate assay by Northem blot hybridization. Uncapped RNAs 
assayed were labeled on the top of the gel. Incubation time points after electroporation were 
labeled at the bottom of the gel. The blot was hybridized with p^^-labeled antisense GUS 
gene as described in Material and Methods, b. Functional assay of RNA degradation rate. 
The RNAs subject to test were indicated. The enzymatic assay of GUS gene product over 
time period was performed as in Fig. 2. 
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FIG. 5 a. Effect of exogenous eIF-4F on the translation of capped 3'TE(+), uncapped 
3'TE(+) and uncapped 3'TE(-) mRNAs ui wheat germ extract. The amount of exogenous 
eIF-4F was labelled on the top of the gel. 3'TE(+), uncapped 3'TE(+) and uncapped 3'TE(-) 
mRNAs in wheat germ extract. The translation efficiency of the mRNA with no exogenous 
eIF-4F was defined as 1. 6. Effect of exogenous (iso)eIF-4F on the translation of capped 
3'TE(+), uncapped 3'TE(+) and uncapped 3'TE(-) mRNAs in wheat germ extract. The 
amount of exogenous (iso)eIF-4F was labelled on the top of the gel. 3'TE(+), uncapped 
3'TE(+) and uncapped 3'TE(-) mRNAs in wheat germ extract.. The translation efficiency of 
the mRNA with no exogenous (iso)eIF-4F was defined as 1. 
FIG. 6 3TE RNA rran^-inhibit translation of uncapped 3'TE(+) mRNA and capped mRNA 
lacking any B YDV-PAV viral sequences, a. translation of uncapped mRNA PGUS109 in 
the presence of indicated amount of competitor RNA, either 3'TE RNA or 3TEBF RNA. 
3'TE RNA and 3'TEBF RNA were synthesized as uncapped form from Smal linearized 
pT7-109 and pT7109BF, respectively. Translation in wheat germ extract was performed as 
in Material and Methods, b. The same as Fig. 6a, except that the mRNA was capped 
liGUS. 
FIG. 7 eIF-4F reversed fran5-inhibtion of translation by 3'TE RNA. a. comparison of ability 
of exogenous eIF-4F and (iso)eIF-4F in the reversion of franj-inbition of translation by 
3'TE RNA. The fold excess of 3'TE RNA was as indicated. The amount of exogenous 
eIF-4F and (iso)eIF-4F were as indicated, b. eIF-4F reversed the rra/u-inhibition of capped 
QGUS translation. The fold excess of 3'TE RNA and 3'TEBF RNA were as indicated 
above each lane. The amount of exogenous eIF-4F was as indicated. In vitro translation in 
wheat germ extarct was performed as in Material and Methods. 
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FIG. 8 3'TE activity was kept when moved to the 5' end of GUS RNA. a. in vitro 
translation of transcripts from constructs having 3'TE at the 5' terminus of GUS gene. Lane 
1: translation product from BMV RNA (only two products were shown). Lane 2: no RNA. 
Templates for transcripts in lane 3-10: lane 3 and 4: EcoRI linearized pl09GUS; lane 5 and 
6: EcoRI-linearized I09BFGUS; Lane 7 and 8: EcoRI-linearized 109GUSA; lane 9 and 
10:EcoRI-linearized 109BFGUSA. b. Comparison of 3'TE activity in 3' end and 5' end in 
oat protoplasts. Capped and uncapped mRNA were electroporated and GUS activity was 
determined as described in Material and Methods. Data represent average of two separate 
experiments, with each having two duplicates. 
FIG. 9. Alignments of portions of 3' UTRs of viral genomes. Underlined bases are 
complementary to the conserved sequence ending 4 bases from the 3' end of 18S rRNA. 
Vertical lines indicate sites of additional bases (below line) drawn to optimize alignments. 
Abbreviations and Genbank accession numbers: nt, nucleotides; PAV, (X07653 and ref. 
8); MAV, MAV virus of BYDV (D11028 D01213); SDV, soybean dwarf virus (L24049); 
TNV-A and -D, tobacco necrosis vims strains A (X58455 M33002) and D (D00942); 
STNV (V01468 J02399 M10388). 
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CHAPTER 4. A SEQUENCE AT THE 3' UNTRANSLATED REGION OF 
BARLEY YELLOW DWARF VIRUS (PAV SEROTYPE) REGULATES 
TRANSLATION OF VIRAL RNAS 
A paper to be submitted to Journal of Virology 
Shanping Wang and W. Allen Miller 
Abstract 
Most eukaryotic cellular mRNAs need a 5' cap structure to facilitate translation. 
Previously, we reported a sequence (called a 3' translation enhancer, 3'TE) at the 3' 
untranslated region (UTR) of the PAV barley yellow dwarf virus (B YDV-PAV) genome 
fimctionally mimics a 5' cap to stimulate translation of uncapped mRNA through interaction 
with the 5'UTR of B YDV-PAV. In this report, the role of the 3'TE in regulating viral 
protein translation was examined. We found that the 3'TE also stimulated translation of 
uncapped subgenomic RNAl, as well as uncapped subgenomic RNA2. A four base 
duplication within the 3'TE sequence abolished the 3'TE function in genomic, as well as in 
subgenomic RNAs. The 5'UTR of subgenomic RNAl is required for the translation 
stimulation by the 3'TE. The 3'TE failed to stimulate internal initiation of translation. 
Annealing of antisense 3'TE RNA inhibited translation of uncapped transcript and virion 
RNA, but not capped transcript. This suggests the natural B YDV-PAV genomic RNA is not 
capped at the 5' terminus. Moreover, the four base duplication within the 3'TE in the full-
length infectious genomic transcript eliminated its infectivity. In trans, the 3'TE or the entire 
subgenomic RNAl inhibits translation of genomic RNA more efficientiy than they inhibit 
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translation of subgenomicRNAL A model of regulation of the viral gene expression by the 
3'TE and subgenomic RNA2 in the virus replication cycle is presented. 
Introduction 
All eukaryotic cellular mRNAs have the methylated guanosine linked via a 
triphosphate ester bond with the first nucleotide with 5'-5' linkage, forming a cap structure. 
This 5' cap structure is important for efficient translation of cellular mRNAs (Shatkm, 
1976). A ribosomal scanning model was proposed to account for the role of 5' cap in 
eukaryotic translation initiation (Kozak, 1989). 
Although the scanning model successfully explained translation initiation in cellular 
mRNAs, it is challenged by some RNA viruses. Some animal and plant viral genomic 
RNAs are not capped or have a VPg linked at the 5' terminus. For translation initiation of 
these viral RNAs, an alternative mechanism must be employed. The best characterized 
example comes from picomaviruses (Jackson and Kaminski, 1995). In this group of 
viruses, the genomic plus sense RNA is not capped, but linked with a VPg. The viral 
genome has a long, highly structured 5' untranslated region (600 to 12(X) nucleotides), with 
about ten non-initiator AUG's in it. Much of this leader acts as an internal ribosome entry 
site (IRES) responsible for internal initiation of cap-independent translation of picoraavirus 
RNA (Jang etal., 1988; Pelletier and Sonenberg, 1988). The internal initiation cw-signal 
was also found in several other viral RNAs and a few exceptional cellular mRNAs (Samow, 
1995). All these internal initiation cw-signals are located in the 5' UTR, which is consistent 
with the direction that translating ribosomes move along the mRNA. 
Although the ribosome scanning model does not account for the role of 3' 
untranslated region in translation initiation, it has become established that the 3' end of 
mRNA also participates in the regulation of translation (Jackson and Standart, 1990). The 
role of the poly(A) tail, which is present in most eukaryotic cellular mRNAs and all plant 
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cytoplasmic mRNAs, in translation stimulation is well documented (Jacobson, 1996). The 
poly(A) tail has synergistic activity with 5' cap in stimulating translation in vivo (Gallic, 
1991). For viruses that lack both 5' cap and a poly(A) tail in the RNA, sequence in the 
3TJTR is found to regulate translation (Gallie and Walbot, 1990). In satellite tobacco 
necrosis virus, a natural uncapped RNA genome of 1240 bases (Moss, 1977), a sequence in 
the 3'UTR, along with 5'UTR, was found to be responsible for the efficient translation of 
uncapped RNA in wheat germ extract (Danthinne et al., 1993; Timmer et al., 1993). 
Luteoviruses have single stranded, plus sense RNA genomes of ~6 kb encoding six 
open reading frames (ORFs) (Miller, 1994). They are transmitted by aphids, and confined 
in the phloem in the host plants (Martin et al., 1990). Members of luteoviruses are divided 
into two subgroups, I and n, according to genome organization (Miller, 1994). Although 
several members of subgroup n luteoviruses were found to have a VPg linked to the 5' 
terminus of viral genome (Mayo et al., 1982), none of subgroup I ones was found to have a 
VPg (Miller et al., 1995). Barley yellow dwarf virus-PAV serotype is a type member of 
subgroup I. During its life cycle, it produces three subgenomic RNAs (Fig.l; Dinesh-
Kumar et al., 1992, Kelly et al., 1994; Miller et al., 1988; Mohan et al., 1995). The ORFs 
(39K and 60K) in the 5' half of genome are translated from genomic RNA (Di et al., 1993; 
Wang and Miller, 1995), whereas the ORFs (22K, 17K, and 50K) in the 3' half of genome 
are expressed via subgenomic RNAl (Brown et al., 1996; Dinesh-Kumar et al., 1992). 
The small 0RF6 may be translated from subgenomic RNA2 (Kelly et al, 1994). 
Unusual translation events are widely used by BYDV-PAV to express its genes. For 
example, the 60K ORF is expressed via -1 frameshifting event, so that small amount of 
fusion protein 99K protein (39K + 60K) is expressed (Brault and Miller, 1992; Di et al., 
1993); the 50K ORF is expressed via stop codon readthrough, so that small amount of 
72kDa protein is expressed (Brown et al., 1996); the 17K ORF is expressed via leaky 
scarming mechanism (Dinesh-Kumar and Miller, 1993). 
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Previously, we reported that a sequence, about 5 kb downstream of 5' terminus 
(called 3' translation enhancer or 3'TE) at the 3' UTR is responsible for the efficient 
translation of the upstream ORF on an uncapped RNA both in vitro and in vivo (Fig. 1; 
Wang et al, 1997; Wang and Miller, 1995). Although the chemical moiety of BYDV-PAV 
genomic terminus has not been determined yet, the presence of the 3'TE to stimulate 
translation of uncapped mRNA suggests that the BYDV-PAV viral RNA is translated cap-
independendy. Here we report that the 3TE is required for efficient translation and 
replication of uncapped fiiU-length transcript of BYDV-PAV genome. Annealing of the 3TE 
sequence by antisense 3'TE destroyed the function of 3'TE. Disruption of the 3'TE in the 
virion RNA by antisense 3'TE inhibited the translation in wheat germ extract. In addition, 
we showed that the 3'TE also stimulates translation of the uncapped subgenomic RNAs. 
Both 5'UTR of genomic and subgenomic RNAl can support the function of 3'TE. A model 
of the role of subgenomic RNA2 in temporally regulating viral protein production from 
genomic and subgenomic RNAs is presented. 
Results 
The 3'TE is required for efHcient translation of uncapped full-length 
infectious BYDV-PAV transcript and its replication 
Previously, we have shown that a sequence from an intercistronic region (3'TE, nt 
4817-4925) from the BYDV-PAV genome can confer efficient translation of uncapped RNA, 
when 5'UTR of BYDV-PAV is present. A four base duplication (GAUC) in the 
site within the 3'TE (referred to the defective 3'TE in this report) abolished its ability to 
facilitate translation of a reporter gene(Wang, et ai, 1997). To evaluate the function of the 
3'TE in the context of full length BYDV-PAV RNA, translation of full-length BYDV-PAV 
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transcript, in capped or uncapped form, was compared with the transcript with four base 
insertion at within the 3TE (Fig. 2a). While the full-length transcript with wild-
type 3'TE was translated cap-independendy (Fig. 2a, compare lane 3 and 4; Wang and 
Miller, 1995), uncapped transcript with fiamHl4g37-filled in 3'TE translated only about 2% 
as efficient as its capped counterpart (Fig.2a, compare lane 6 to 4). Therefore, the four base 
duplication in the site in the 3TE region completely destroyed cap-independent 
translation of full-length BYDV-PAV transcript in wheat germ extract. Capping of this 
transcript restored its translatability (Fig. 2a, compare lane 5 to lane 3 and 4). This shows 
that the 3TE has a powerful effect on translation when separated from the ORF it stimulates 
(39K) by several kb and untranslated ORFs. 
We determined if the full length transcript with the fill-in mutation was 
infectious. The same full-length transcripts used above, containing wild type 3'TE or 
fill in 3'TE were used to inoculate oat protoplasts, and the virus infectivity was 
tested by Northern blot hybridization of the repUcation products. While uncapped transcript 
of fidl length BYDV-PAV was highly infectious in oat protoplasts (Fig. 2b, lane 2), the 
uncapped transcript with four base insertion in the BamHl^y, of 3'TE was not (Fig. 2b, lane 
4). Capped transcript was less infectious than uncapped one, as was also observed by 
ELISA (Dinesh-Kumar, 1993). Very interestingly. The capped form of BYDV-PAV 
transcript with 5amHI-filled in 3TE was not infectious (Fig. 2b, compare lane 3 to lanes 1 
and 2). Because the capped RNA even with a defective 3'TE can be efficientiy translated to 
produce sufficient RNA dependent RNA polymerase (99K) (Fig. 2a) for RNA replication, 
this result indicates that the progeny of inoculum RNA are not likely to be capped. 
Secondary structure is important for 3'TE function 
Secondary or higher structure is commonly found in the RNAs that are specialized in 
certain functions mediated by protein factors. Examples include iron responsive element 
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(IRE) (Battany, 1992), internal ribosomal entry site (IRES) (Jackson and Kaminski, 1995), 
3'UTR of lipoxygenase(LOX) (Ostareck ef a/., 1994). To determine whether secondary or 
higher structure is important for 3TE function, antisense 3TE RNA was used as competitor 
RNA to examine its effect on the translation of uncapped 3'TE containing mRNA (Fig. 3a). 
The result showed that trans- antisense 3TE RNA could not inhibit the translation of 
uncapped 3'TE(+) mRNA (Fig. 3a, lanes 1 to 5). One explanation of this result is that the 
dj-3TE sequence in the tested mRNA already adopted certam secondary or higher structure, 
preventing the antisense 3TE RNA from annealing. To test this hypothesis, the trans-TTYE 
RNA and the uncapped 3'TE(+) mRNA were mixed, heated to 65°C and slowly cooled to 
room temperature to allow renaturation before adding into in vitro translation reaction. This 
treatment did inhibit the translation of uncapped 3'TE(+) mRNA (PGUS109) (Fig. 3a, lanes 
6 to 10). 
To verify the hypothesis that it was the basepairing between 3'TE containing mRNA 
and antisense 3TE that conferred the translation inhibition of mRNA, a capped mRNA with 
no CI5-3'TE sequence was used to perform the same experiment as above. Translation of 
capped mRNA lacking c«-3'TE sequence was not inhibited by the antisense 3'TE, even with 
the denaturation-renaturation treatment (Fig. 3b, lanes 6 to 10). As a control, the sense 
3'TE RNA can still rran^-mhibit the translation of this mRNA under the same conditions 
(Fig. 3b, lanes 1 to 5; see chapter 3). These results suggest that the 3'TE in the mRNA 
adopts a higher ordered structure. 
Antisense 3'TE abolished the translation of virion genomic RNA 
Our results indicated that disruption of 3'TE sequence by insertion of four bases in 
the site of 3'TE abolished the translation of uncapped mRNA. Thus, whether the 
natural B YDV-PAV virion RNA from plants is capped at the 5' end can be tested by the 
criterion if the virion can be translated efficiently when the 3'TE region is disrupted. 
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However, the virion RNA sequence could not be mutated like cDNA. Hence, we used the 
antisense 3'TE to disrupt the 3'TE sequence in the virion RNA. The ability of antisense 
3'TE to inhibit translation of virion RNA was performed with denaturation of RNAs 
followed by renaturation. This treatment abolished the translation of BYDV-PAV virion 
RNA (Fig. 4, lanes 11 to 14), as uncapped full-length infectious transcript (Fig. 4, lanes 7 to 
10). However, antisense 3'TE RNA did not have significant effect on the translation of 
capped full-length capped transcript, under the same treatment (Fig. 4, lanes 3 to 6). This 
demonstates that BYDV-PAV virion RNA is not capped at the 5' end. 
3'TE is required for efficient translation of uncapped subgenomic RNAs 
During BYDV-PAV replication in the host cells, three subgenomic RNAs are 
produced (Dinesh-Kumar ef al, 1992; Kelly etai, 1994; Miller era/., 1988). The 3' genes 
(22K, 17K, and 50K) were expressed through subgenomic RNAl (Brown et al, 1996; 
Dinesh-Kumar et al, 1992). Because no coding region of BYDV-PAV has detectable 
homology of known methyltransferase involved in capping (Miller et al, 1995), and the 
progeny of replicating genomic RNA appears not to be capped by any host enzymes (Fig. 
2b), we speculate that the subgenomic RNAs of BYDV-PAV are not capped. As the 5' UTR 
of subgenomic RNAl share homology to the 5' UTR of genomic RNA of BYDV-PAV, it 
raises the possibility that the 3'TE interacts with the 5'UTR of subgenomic RNAl to 
stimulate the translation of coat protein (22K) and other ORFs on the subgenomic RNA in 
the late stage of virus replication. To investigate this hypothesis, full length subgenomic 
RNAl sequence (nt 2670 - nt 5677) (Kelly et al, 1994) was subcloned under the control of 
bacteriophage T7 promoter. As we did previously for cDNA clone of genomic RNA (Wang 
and Miller, 1995), we digested the cDNA clone of subgenomic RNAl with various 
restriction enzymes at the 3' end of subgenomic EWAl (Fig. 1), prior to transcription of 
capped or uncapped RNAs in vitro. The translation efficiencies of the transcripts were tested 
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in wheat germ extract (Fig. 5a). Accumulation of the most abundant protein, coat protein 
(22K) was compared for each transcript. As shown in Fig. 5a, when the 3' truncated 
mRNA has the 3'TE sequence (the plasmid was linearized with Pstljoog or Smalsg,, Fig. 1), 
translation of uncapped mRNAs was almost as efficient as their capped counterparts (Fig. 
5a, compare lane 5 to 6, and lane 7 to 8). On the other hand, when the 3' truncated mRNA 
lacked the 3'TE (the plasmid was linearized with Fig. 1), translation of uncapped 
mRNA was about 30 fold lower than that of mRNA containing the 3'TE (Fig. 5a, compare 4 
to lanes 6 and 8), and 14-fold lower than the capped form of the same mRNA. This shows 
that the 3'TE conferred cap-independent translation of subgenomic RNAl. The four base 
dupUcation at in the 3'TE also abolished the translation stimulation function of 
3'TE on uncapped subgenomic RNAl (Fig. 5b, compare lane 6 to 4). Capping of the 
transcript with BamHI-fiUed in 3'TE almost restored the translatability of this mRNA (Fig. 
5b, compare lane 5 and 6). Thus, the 3'TE functions similarly on both genomic RNA and 
subgenomic RNAl. 
To investigate if the 5'UTR sequence of subgenomic RNAl was required for the 
3'TE function, translation of a 5' truncated subgenomic RNAl was examined in the wheat 
germ extract. Deletion of 86 bases at the 5' end of subgenomic RNAl decreased the 
translation of uncapped mRNA by 5 fold, even in the presence of wildtype 3'TE (Fig. 5c, 
compare lane 5 to lane 3). Capping of this 5' truncated version of subgenomic RNA 
restored its translation efficiency (Fig. 5c, compare lane 4 to lanes 2 and 3). Therefore, at 
least a portion of the 5' terminal 86 bases was necessary for the function of 3'TE to stimulate 
translation of uncapped subgenomic RNAl. 
Previously, we showed that the 3'TE also stimulates translation of uncapped mRNA 
when it is located in the 5'UTR. Also, it was shown that the 6.7K ORF was Oranslated from 
subgenomic RNA2 in wheat germ extract (Kelly et ai, 1994). Because the 3'TE is located 
in the 5'UTR of the subgenomic RNA2, we tested the function of the 3'TE on translation of 
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the 6.7K protein by comparing the translation efficiency of subgenomic RNA2 containing 
wildtype 3'TE with that containing the defective 3'TE (with 4 base insertion in 
site). The results showed that the 3'TE stimulates cap-independent translation of 6.7K 
ORF in wheat germ extract (Fig. 6). Insertion of 4 base (GAUC) in the BamHL^y^ site 
abolished the translation of uncapped subgenomic RNA2, consistent with our previous 
observation (Wang era/., 1997). 
3'TE fails to support internal initiation of translation in dicistronic RNA 
The stimulatory activity of 3'TE on various genes encoded in die BYDV-PAV 
genome causes a dilenmma for the translation of genomic RNA. First of all, how does the 
3'TE determine which 5'UTR (5'UTR of genomic EINA or sequence corresponding to the 
S'UTR of subgenomic RNAl) to interact with to facilitate the assembly of translation 
initiation complex? Secondly, on the subgenomic RNAl, how does the 3'TE determine to 
stimulate translation initiation of coat protein by interacting with 5' UTR of subgenomic 
RNAl or stimulate translation of 6.7K ORF, acting as an intemal ribosome entry site 
(IRES)? The result from translation of uncapped genomic RNA transcript indicated that the 
3'TE selectively interacted with the S'UTR of genomic RNA instead of S'UTR of 
subgenomic RNAl to translate 39K and 99K ORFs (Fig. 2a, lane 2). Thus, the 3'TE does 
not interact with the sequence corresponding to the S'UTR of subgenomic RNAl to 
stimulate intemal translation of 3' genes. Moreover, translation of subgenomic RNAl does 
not produce the 6.7K protein (Brown et ai, 1996; Dinesh-Kumar et ai, 1992; Kelly et al, 
1994), leading us to predict diat the 3'TE does not facilitate intemal initiation. 
To test if the 3'TE mediates the intemal initiation of translation, a dicistronic RNA 
was constructed as in shown in Fig. 7a. This dicistronic mRNA mimics the structure of 
subgenomic RNAl. While the uncapped monocistronic mRNA (106-fluc) that had the 3'TE 
as S'UTR was translated to the level of that of capped one (Fig. 7b, compare lane 9 and 8), 
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the 3TE failed to stimulate the translation of the downstream gene, when located in the 
intercistronic region of the dicistronic mRNA (Fig. 7b, compare lanes 5 and 9). Thus, the 
3TE does not stimulate the translation of uncapped mRNA through internal initiation. The 
small amount of downstream firefly luciferase gene translation product fi:om the dicistronic 
mRNA may be the product of degraded mRNA, because the dicistronic mRNA that had the 
defective 3'TE (jBamHl4g37 filled in) also had equal low amount of translation product firom 
the second ORF (Fig. 7b, compare lanes 4 and 6, and lanes 5 and 7). 
The 3'TE sequence on the uncapped genomic RNA significantly decrease the 
amount of eIF-4F required for efficient translation 
Previously, we showed that uncapped mRNA containing the 3'TE significantly 
reduces the amount of the eIF-4F for efficient translation (chapter 3). To test if the 
uncapped viral RNA also uses this strategy for the efficient translation in the host cell, the 
effect of exogenous eIF-4F on the translation of the capped and uncapped BYDV-PAV full-
length transcript, as well as the uncapped BYDV-PAV transcript containing a defective 
3'TE was compared in the wheat germ extract. As shown in Fig. 8A, the endogenous elF-
4F in the wheat germ extract is sufficient for the translation of both the capped and uncapped 
full-length BYDV-PAV transcript, because addition of increasing amount of eIF-4F 
exogenously did not further stimulate translation of either of these two RNAs. hi contrast, 
the endogenous eIF-4F is not sufficient for the translation of uncapped BYDV-PAV 
transcript containing the defective 3'TE. Addition of eIF-4F significandy stimulated its 
translation. The specificity of the eIF-4F activity was tested by comparing with the effect of 
BS A (bovine serum albumin) on the translation of uncapped viral transcript containing the 
defective 3'TE (Fig. 8b). 
105 
Translation of genomic RNA was inhibited in trans by 3'TE RNA more 
efficiently than that of subgenomic RNAl 
As subgenomic RNA2 accumulates to much higher levels than genomic RNA 
during late stages of virus replication (Fig. 2b; Kelly et ai, 1994; Mohan et ai, 1995), we 
hypothesized that rra/u-inhibition activity of 3'TE RNA mimicked the function of 
subgenomic RNA2 during virus replication in regulating translation of 39K and 99K in order 
to temporally control gene expression. To test this hypothesis, translation of uncapped full-
length infectious transcript of BYDV-PAV was used as mRNA to test the 3TE RNA trans-
inhibition activity in wheat germ extract translation system. With the increase of 3TE RNA 
in the translation reaction, translation of uncapped fiiU-Iength transcript was inhibited (Fig. 
9a, lanes 3 to 8). As a control, BamHl4g37 fill in 3'TE RNA has no significant effect on 
translation of the same messenger RNA, which verified the specificty of rran^-inhibition of 
3'TE RNA (Fig. 9a, lanes 9 to 14). In contrast, translation of coat protein from subgenomic 
RNAl was much more resistant to the 3'TE RNA inhibidon than that of the 39K ORF on 
genomic RNA (Fig. 9b. lanes 1 to 5). Again, the defective 3'TE RNA had no significant 
effect on the translation of 22K on subgenomic RNAl (Fig. 9b, lanes 6 to 10). To confirm 
the selective fran^-inhibition of genomic RNA translation by 3'TE RNA, uncapped genomic 
RNA and subgenomic RNAl were mixed in an equimolar rado in the translation reaction and 
their susceptibility of translation to the 3'TE RNA fra/z5-inhibition was examined. In the 
presence of 3(X)-fold excess of 3'TE RNA, while 3'TE RNA efficiently rra/ij-inhibited 
translation of 39K on the genomic RNA (Fig. 9c, compare lanes 2 and 3) but only slightiy 
rrawj-inhibited translation of coat protein firom subgenomic RNAl (Fig. 9c, compare lanes 5 
and 6). Furthermore, it selectively rra/w-inhibited translation of 39K on genomic RNA when 
genomic RNA and subgenomic RNAl were mixed in the translation reaction (Fig.9c, 
compare lanes 8 and 9). 
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If the 3'TE mimics the role of the subgenomic RNA2 in the regulation of the viral 
gene expression, we predicted that the subgenomic RNA2 should have the same inhibitory 
role as the 3'TE in trans. Thus the effect of the subgenomic RNA2 on the translation of the 
genomic RNA as well as the subgenomic RNAl was tested in the wheat germ extract. As 
shown in Fig. 10a, wildtype subgenomic RNA2 inhibited translation of the genomic RNA 
more effectively than that of subgenomic RNAl. (Fig. 10a, compare lanes 2-6 to lanes 11-
15). As a control, the subgenomic RNA2 containing the defective 3'TE has no effect on the 
translation of the genomic RNA (Fig. 10a, compare lanes 3-6 with lanes 7-10). To mimic 
the scenario in the viral infected the cell, the genomic RNA, as weU as subgenomic RNAl 
and subgenomic RNA2 were mixed (the molar ratio of these three RNAs were (1:1:35)) and 
the effect of the subgenomic RNA2 on the translation of genomic RNA and subgenomic 
RNAl was examined. The wildtype subgenomic RNA2 selectively inhibited translation of 
the 39K production from genomic RNA, whereas the subgenomic RNA2 containing the 
defective 3TE had no effect on the translation of either genomic RNA or subgenomic RNAl 
(Fig. 10c, lanes 8-10). 
Discussion 
In this report, we extend our study of the 3'TE function in stimulating translation of 
uncapped mRNA to its role in the regulation of the viral gene expression in the virus 
replication cycle. Although the genome of BYDV is structurally a polycistronic RNA, which 
encodes for six ORFs, it uses no internal initiation of translation. This is because the 5' two 
ORFs are expressed via genomic RNA, in which the 60K is expressed through a -1 
frameshifting event (Brault and Miller, 1992; Di et al., 1993) and the 3' ORFs (22K, 17K 
and 50K) are expressed via subgenomic RNAl, in which the 17K ORF is expressed by 
ribosomal leaky scanning mechanism (Dinesh-Kumar and Miller, 1993) and the 50K ORF is 
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expressed via stop codon readthrough (Brown et al., 1996). The finding that the 3'TE can 
stimulate translation of uncapped mRNA to the level of capped mRNA raised the doubt that 
the 5' terminus is capped, at least fimctionally. Our results from Fig. 4 demonstrated that the 
B YDV-PAV virion RNA is not capped. While some of the subgroup n luteoviruses have a 
VPg linked to the 5' terminus of their genomes, no VPg has been found in the subgroup I 
luteoviruses. Preliminary data in our lab show that a 5' Vpg is indeed absent (E. Allen, 
peronal comminication). Thus, the 5' terminus of B YDV-PAV may be not modified at all. 
Our study shows that the 3'TE needs to interact with the 5'UTR of genomic to 
facilitate translation of 39K and 99K proteins, and with the 5'UTR of subgenomic RNAl to 
facilitate translation of 22K, 17K and 72K proteins through fran^-acting factor(s). 
Although, at this point, the rran^-acting factor that mediates this 5'-3' interaction is not 
known, this interaction probably stimulates the recruiting of cap binding complex, eIF-4F 
(Wang et al., 1997), which is the rate-limiting factor in translation initiation in the cell. The 
amount of eIF-4F required for efficient translation is decreased significandy by the presence 
of the 3'TE on the uncapped mRNA(Fig. 8). This is consistent with the finding that a 
sequence following the only coded gene of satellite tobacco necrosis virus RNA can lower 
the requirement of eIF-4F for efficient translation (Timmer et al., 1993). 
Because the 3'TE can interact with both the 5'UTR of genomic RNA and 
subgenomic RNAl, it is crucial for the virus to determine which sequence on the genomic 
RNA that the 3'TE will interact to stimulate translation. Our results indicated that translation 
enhancement of uncapped mRNA by the 3'TE is 5' end-dependent. This conclusion is 
based on the observation that: 1) CP protein is hardly, if at all, translated from genomic RNA 
(Fig. 2a); 2) CP protein is translated efficient from subgenomic RNAl, when it is the 5'-
proximal ORF. 3) the 6.7K ORF is translated only from subgenomic RNA2. Our results 
from translation of dicistronic mRNA confirmed that the 3'TE has littie, if any, internal 
initiation activity (Fig. 7). 
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The viral infection is generally divided into early and late stages. The early step is 
usually the expression of the enzymes required for the virus RNA (or DNA) replication. 
After that, the capsid protein (or coat proteins) are made for the virus particle assembly. 
Gene expression in each of these stages are highly regulated. The well characterized 
examples include the replication of X phage, in which the early gene expression and the late 
gene expression are highly regulated at the transcriptional evel. The order of gene 
expression in the replication of BYDV-PAV in the host cell is not known. We predict by 
analogy that the 99K ORF as well as the 39K ORF are expressed at the early stage, because 
phylogenetic evidence indicates that these two protein may be involved in the RNA 
synthesis (MiUer et ai, 1995). By the same analogy, the proteins translated from the 
subgenomic RNAl (CP, 17K and 72K) are most likely expressed at the late stage of virus 
replication, because these three proteins are responsible for virus assembly (Miller et ai, 
1988), systemic plant infection (Chay et al, 1996) and aphid transmission (Wang et al., 
1995). 
Our working model of the 3TE function in the regulation of viral gene expression 
during virus replication is proposed in Fig. II. The important points in this model are: first, 
BYDV-PAV virion genomic RNA lacks a cap at its 5' end. At the early stage of virus RNA 
replication, the 39K and 99K proteins, the replication genes, are expressed from genomic 
RNA by the 3'TE in cis. Disruption of tiie 3'TE sequence in the uncapped genomic RNA by 
mutagenesis or antisense RNA abolishes its translation (Fig. 2a, Fig. 4), as well as RNA 
repUcation (Fig. 2b). We interpret this to mean that the progeny of the capped inoculum 
RNA is not capped, therefore translation of the progeny genomic RNA is abolished with the 
defective 3'TE. 
Secondly, at the late stage of virus replication, translation of 39K and 99K proteins is 
predicted to be inhibited by the production of large amounts of subgenomic RNA2. The 
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regulatory role of subgenomic RNA2 is mimicked by the /ranj-inhibition activity of the 
3'TE RNA. The fact that the 3'TE can selectively franj-inhibit translation of genomic RNA, 
more than ±at of subgenomic RNAl, is probably due to the affinity difference in 5' UTR 
and 3'TE interaction between genomic RNA and subgenomic RNAL This idea is also 
verified by the result that the 5'UTR of subgenomic RNAl can /ra«j-inhibit translation of 
genomic RNA, but the same amount of the 5'UTR of genomic RNA could not franj-inhibit 
translation of subgenomic RNAl (Wang, unpublished data). Therefore, at the late stage, 
translation of subgenomic RNAl should be predominant over that of genomic RNA, because 
the latter is more susceptible to the rranj-inhibition activity of subgenomic RNA2. Our 
fron^-inhibition experiments showed that 300 fold of 3'TE RNA is required for the inhibition 
of the genomic RNA translation to 15% (Fig. 9), whereas only about 20 fold of subgenomic 
RNA2 is required to have the same inhibitory effect (Fig. 9). This shows that subgenomic 
RNA2 has much higher affinity for the trans-aching factor than the 3'TE RNA clone. This is 
consistent with our observation that the fiill 3'end of BYDV-PAV EWA, (mostly the 
sequence corresponding to the subgenomic RNA2, see Fig. 1) stimulates translation of the 
uncapped mRNA 10 fold higher than the mRNA containing only the 3'TE and poly(A) tail 
(chpater 3, Fig. 2). Altematively, the higher competitive effect of the subgenomic RNA2 
than the 3TE RNA alone is due to the active translation subgenomic RNA2 (Fig. 10). 
Thirdly, on the genomic RNA the potential interaction of the sequence corresponding 
to the 5'UTR of subgenomic RNAl and 3'TE is inhibited, or this interaction is futile, 
because the stimulatory effect of the 3'TE is 5' end-dependent. This is verified by the fact 
that the 3' ORFs (22K, 17K, 72K) are barely translated through genomic RNA (Fig. 2a; Di 
et aL, 1993), but translated efficiendy through subgenomic RNAl (Fig. 5; Dinesh-Kumar et 
ai, 1992; Brown et aL, 1996). After the progeny plus and minus sense genomic RNAs as 
well as the subgenomic RNAs are synthesized by the RNA-dependent RNA polymerase, the 
late stage proteins, such as coat proteins and movement proteins need to be translated for 
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virus package and virus cell to cell movement. These late stage proteins are translated from 
subgenomic RNAl (Chay etal., 1996; Miller ef a/., 1988). 
The 6.7K, if it exists in the viral infected cell, is translated through subgenomic 
RNA2, because 3'TE strongly stimulate translation of uncapped mRNA when it is located at 
the 5' end of mRNA (Fig. 6). Young et al. showed that frameshifting mutation in 6.7K 
ORF abolished the virus replication (Young et al., 1991). Although this result could be due 
to the effect of 6.7K protein per se, it could also be due to the possibility that this mutation 
disrupted RNA sequences that are essential for the translation of viral proteins, which 
includes the sequence at the 3' end of BYDV-PAV RNA required for fiill stimulatory activity 
of translation in vivo (Wang and Miller, 1995), and /or on RNA element that is important for 
the efficient frameshifting to express 99K protein (Paul, unpublished data; Wang and Miller, 
1995). 
The important role of the 3'TE in regulation of viral gene expression may justify the 
existence of long 3' end sequence in a tightly packaged viral genome. It is underscored by 
the high conservation of part of this 3'TE sequence at the 3' end of 11 isolates of BYDV-
PAV genome as well as its closely related BYDV-MAV and soybean dwarf virus 
(SDV)(Chapter 3; Chalhoub etal., 1994). The presence of this highly conserved sequence 
in the 3' end of subgroup I luteovirus genomes indicates that the same mechanism to regulate 
gene expression BYDV-PAV may be used for all of these viruses. Given the fact that the 3' 
UTR in the genomes of subgroup n luteoviruses is much shorter than that of subgroup I 
luteoviruses and low sequence homology between 3' end of these two groups, these two 
groups of luteoviruses may use different strategies to regvdate gene expression. It may 
explain, in part, the difference of 5' terminal structure in these two subgroups of 
luteoviruses, considering that the VPg usually plays an important role in virus replication. 
I l l  
Material and Methods 
Plasmid construction: 
pPAV6 was described previously (Di et al, 1993). pPAVBF6 was constructed in 
three steps. First, a Kpnl-Smal fragment from pPAV6 was cloned into Kpnl-Smal digested 
pGEM3Zf(+), giving rise to p3ZKS. Then p3ZKS was cut with BamHl and filled in with 
Klenow fragment and religated, giving rise to p3ZKSBF. Finally the Kpnl-Smal fragment 
from p3ZKSBF was cloned back into pPAV6 digested with the same restriction enzymes. 
To clone the subgenomic RNAl, primers: 5'-
ATAAGCGGCCGCGr/iArACGACTCACrArAGTGAAGGTGACGACTCCACATC-3' 
armealing with 5 end of subgenomic RNAl (nt 2670-nt 2691), and 5'-
GGGCCCGGGl l GCCGAACTGCTcrrrCG-3'. annealing to 3' end of genomic RNA (nt 
5677-nt 5656) (the restriction sites are underlined, and the T7 promoter sequence is 
italicized), were used to amplify the cDNA of subgenomic RNAl, with pPAV6 as template. 
The PGR product was digested with Notl and Smal and cloned into Notl-Smal digested 
pSLl 180 (Pharmacia), giving rise to pSGl The same strategy was used to clone the mutant 
subgenomic RNAl, with four base duplication in the BamlXl^yj site within 3'TE, except 
that the template for PGR was pPAVBF6, giving rise to pSGlBF. To clone subgenomic 
RNA2, the cDNA corresponding to subgenomic RNA2 was first amplified by PGR with 
pPAV6 as template, using primers: 5'-
TATTGCGGCCGCGTAATACGACTCACTATAGAGTGAAGACAACACTAGCAC-3', 
annealing to nt 4809-nt 4831 and 5'-GGGCCCGGGTTGGCGAACTGCTCTTTGG-3', 
armealing to nt 5677-nt 5656 (the restriction sites Notl and Smal were underlined and the T7 
promoter sequence was italicized, an extra base G was placed into the 5' of the start of 
subgenomic RNAl to facilitate in vitro transcription). The PGR product was digested with 
Notl and Smal and cloned into pSLl 180 cut with die same restriction enzymes, giving rise 
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to pSG2. The same cloning strategy was used to clone pSG2BF except the template for 
PGR was pPAVBF6. 
pTE, PTEBF, pPGUS109, pPGUS and pT7GUS, pQGUS1162A were described 
previously (Wang et al., 1997; Wang and Miller, 1995). 
To put the 3'TE at the 5' end of GUS reporter gene, pTTGUS 1 was digested with 
Ncol and filled in by BQenow fragment and then cut with SmaL The fragment containing 
GUS gene was ligated to the Smal digested pTE, giving rise to pS'TEGUS. 
To clone pVec-rluc, the coding region of Renilla luciferase gene was first amplified, 
using template pRL-nuU (Promega) and primers: 5'-GCCCCATGGC1" 1CGAAAGTT-3' 
and S'-GCGGAGCTCTTATTGTTCATTTTTG-S' (the Ncol and Sad sites were 
underlined). The PGR fragment was digested with Ncol and 5acl, and then cloned into 
Ncol-Sacl digested pTTGUS 1 (Wang and Miller, 1995). pl06-fluc was constructed via a 
series intermediate clones, the luciferase gene was first amplified using template pGEM-luc 
and primers: pUC/M13 forward sequencing primer and 5'-
ATATCCATGGAAGACGCCAAAAAC-3'. The amplified fragment was cut with Ncol and 
£coRI, and then the 600bp fragment was cloned into Ncol and EcoRl digested 
pQGUS 1162A, giving rise to pQluc5'. To clone the whole firefly luciferase gene, the 
EcoRI fragment was cloned into EcoRl digested pt21uc5', giving rise to pJiluc. The Ncol-
Sall fragment containing the complete firefly luciferase gene was cloned into Ncol-Sa[l 
digested p5'TEGUS-5, giving rise to p5'TEluc. Because the p5'TELuc had an extra AUG 
(derived from 3'TE sequence), in addition to the authentic AUG of luciferase gene, the 
sequence 5' of luciferase coding sequence was replaced with a Ncol and Sad digested PGR 
fragment corresponding to nt 4817-nt 4922 using primers: 5'-
GCGGAGCTCAGACAACACCACTAGCAC-3' and 5'-
GCTTCCATGGCGGCCAAAGAGAATAGGATA-3' (the Sad and Ncol sites are 
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underlined), giving rise to pl06-Luc. The BamYQ. site of pl06-Luc within the 3'TE was 
mutated by cutting with 5amHI, filling in with Klenow fragment and religation, giving rise 
to pl06BF-Luc. 
The dicistronic BiNA constmct pVec-rluc-106-fluc was made by cloning Pstl-Sacl 
fragment from pl06-fluc into NsH-Sacl digested pVec-rluc {NsH and Pstl has compatible 
cohesive ends). The construct pVec-rluc-106BF-fluc was made by cloning the Pstl-Sacl 
fragment from pl06BF-fluc into Nsil-Sacl digested pVec-rluc. 
RNA svnthesis in vitro 
The uncapped mRNAs were synthesized using the MegaScript Kits(Ambion,TX). 
The capped mRNAs were synthesized using mMachine (Ambion, TX). The RNA 
concentration was quantified with spectrophotometer. The RNA integrity was examined by 
1% agarose gel electrophoresis. 
Virion RNA preparation 
The virus purification and RNA extraction was according to Waterhouse et ai, 
(1989). 
In vitro translation 
RNAs as specified in the Results were translated in wheat germ extract (Promega) 
according to manufacturer's instructions in a total volume of 25 |il. When competition 
experiment was performed, the mRNA was mixed with the competitor RNA prior to adding 
into translation reaction. When heat denaturation was required, the RNAs were heated at 
65°C or 85°C for 10 minutes and cooled to room temperature prior to adding into translation 
reaction. 5ul of translation product were separated on 10% SDS-PAGE gel (Laemmli, 
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1970). The translation efficiency was determined by quantification of the major translation 
products (39K or 22K) with ImageQuant program. 
Protoplast inoculation and Northern blot hvhriHiyatinn 
The oat protoplasts were prepared and inoculated with 10 \Lg of mRNA as described 
(Dinesh-Kumar and Miller, 1993). After 24 hours incubation at room temperature, the total 
RNA was isolated from the protoplasts and separated on 1% denaturing agarose gel and 
blotted as described (Mohan et ai, 1995). The blot was hybridized with the ^'P-labeled 
transcript corresonding to nt 4723-nt 4965. 
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Figure legends 
Fig. 1. Genome organization of BYDV-PAV RNA. The viral encoded open reading frames 
are indicated by the corresponding molecular weight of the proteins. The genomic RNA and 
subgenomic RNAs are indicated by lines. The position of the 3'TE on the genomic and 
subgenomic RNAs is aligned by dotted lines. The relevant restriction enzymes used in this 
study are indicated on the corresponding RNAs. 
Fig. 2. a. In vitro translation of full length genomic transcript and genomic transcript 
containing defective 3'TE fill-in), either ui capped or uncapped form in wheat 
germ extract. The molecular weight markers were labeled at the left of the gel. The main 
translation products were labelled at the right. Lane 1: translation product of BMV (brome 
mosaic virus) RNA; lane 2: no RNA; lanes 3 and 4: full-length BYDV-PAV genomic 
transcript; lanes 5 and 6: fiill-length BYDV-PAV genomic transcript containg defective 3'TE 
(5amHl4837 fill-in). Lanes 3 and 5: capped RNA; lanes 4 and 6: uncapped RNA. 
b. Infectivity of the RNA transcripts used in the Fig. 2a. The total RNA extracted 
from the inoculated oat protoplasts were hybridized with the ^"P labelled the probe 
corrseponding to nt 5318 to nt 5677 in the BYDV-PAV genome. The position of genomic, 
subgenomic RNAl, and subgenomic RNA2 were labeled at left of the gel. Lanes 1 and 2: 
PAV RNA with wildtype 3'TE; Lanes 3 and 4: PAV RNA with the defective 3'TE 
{BamYQ.^y, filled in). Lanes 1 and 3: capped RNA; lanes 2 and 4: uncapped RNA. 
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Fig. 3. Inhibitory effect of antisense 3'TE sequence on translation of uncapped 3'TE(+) 
mRNA. 
a. The 3'TE contained secondary structure for its function. Lanes 1-5: translation of 
PGUS109 in the presence of increasing amount of antisense 3'TE RNA; lanes 6-10: the 
same as lanes 1-5, with the exception that the RNAs were denatured first folUowed by 
renaturation before translation. The RNA treatment, as well as the fold excess of antisense 
3'TE RNA over mRNA pGUS 109 are indicated at the top of the gel. 
h. Antisense 3'TE sequence failed to interfere with the translation of capped mRNA 
lacking 3'TE in cis. Lanes 1-5: translation of capped pGUS mRNA in the presence of 
increasing amount of 3'TE RNA, with the treatment of RNAs by deanaturation followed by 
renaturation; lanes 6-10: the same as lanes 1-5 except that the antisense 3'TE RNA instead of 
3'TE RNA was used as competitor RNA. The RNA treatment, as well as the fold excess of 
competitor RNA are indicated at the top. 
Fig. 4. Inhibitory effect of antisense 3'TE sequence on the translation of BYDV-PAV 
virion RNA. Lane 1: translation products of BMV RNA; lane 2: no RNA; lanes 3-6: 
translation of capped full-length BYDV-PAV transcript in the presence of increasing amount 
of antisense 3'TE RNA; lanes 7-10; the same as lanes 3-6, except that the mRNA used in 
translation was uncapped full-length BYDV-PAV transcript; lanes 11-14: the same as lanes 
3-6, except that the mRNA used in translation was the BYDV-PAV virion RNA. Lanes 3, 
7, 11: no treatment. Lanes 4, 8, 12: the RNA was denatured followed by renaturation before 
translation, lanes 5, 6,, 9, 10 and 13,14: the RNAs were mixed with the antisense 3'TE 
RNA before denaturing and renaturing treatment. The fold excess of antisense 3'TE and the 
mRNA used in each lane is indicated at the top of the gel. The molecular weight markers are 
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indicated ath the left. The relative amount of 39K protein is indicated at the bottom, with 
that translation of mRNAs in lanes 3,7 and 11 as 100%. 
Fig. 5.a. In vitro translation of in vitro transcripts corresponding to fiill-length subgenomic 
RNAl (nt. 2670 to nt 5677) or 3'truncated subgenomic RNAl. Lane 1: translation product 
of BMV RNA; lane 2: no RNA; lanes 3 and 4: translation product of transcript truncated at 
lanes 5 and 6: translation product of transcript truncated at Pstl joogCFig.l); lanes 7 
and 8: translation product of ftiU-Iength subgenomic RNAl (template was linearized with 
S/waljgT, Fig. 1). Lanes 3,5,7: capped RNA; lanes 4,6, 8: uncapped RNA. The molecular 
weight markers are indicated at the left of gel. The main translation products from 
subgenomic RNAl were indicated at the right of the gel. The relative protein amount of 22K 
was indicated at the bottom, with that of lane 7 defined as 100%. 
b. Effect of four base duplication in the BamHl^ within 3'TE on translation of 
subgenomic RNAl. Lane 1: translation products of BMV RNA; lane 2: no RNA; lane 3 and 
4: ftiU-length subgenomic RNAl; lanes 5 and 6: full-length subgenomic RNAl with the 
defective 3'TE fill-in). Lanes 3 and 5; capped RNA; lanes 4 and 6: uncapped 
RNA. The molecular weight markers are labeled at the left of the gel. The main translation 
product of subgenomic RNAl are indicated ath the right of the gel. The relative amount of 
22K protein was indicated at the bottom of the gel, with that of lane 3 defined as 100%. 
c. Effect of deletion at the 5'UTR of subgenomic RNAl on its translation. Lane 1: 
translation products of BMV RNA; lane 2 and 3: translation of subgenomic RNAl; lanes 4 
and 5: translation of 5' truncated subgenomic RNAl. Lanes 2 and 4: capped RNA; lanes 3 
and 5: uncapped RNA. The molecular weight markers were labeled at the left of the gel. 
The main protein products of subgenomic RNAl were indicated at the right. The relative 
amount of 22K was indicated at the bottom. 
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Fig. 6. Cap-independent translation of subgenomic RNA2 in wheat germ extract. Lane 1: 
translation products of BMV RNA (only 20kDa and 35kDa proteins are shown). Lane 2 and 
3: translation of wildtype subgenomic RNA2. Lanes 4 and 5: translation of the subgenomic 
RNA2 with the defective 3'TE. Lanes 2 and 4: capped mRNA; lanes 3 and 5: uncapped 
mRNA. The relative translation efficiency of the 6.7kDa protein is shown at the bottom of 
the gel, with that of lane 2 defined as 100%. 
Fig. 7. 3'TE does not have internal translation initiation activity. 
a. Diagram of constructs used in Fig. 7b. pVec-rluc contained the vector derived 
sequence at 5'UTR. pVec-rluc-l06-fluc contained the 3'TE (nt 4817- nt 4922) in the 
intercistronic region of rluc and flue. pVec-rluc-106BF-fluc was the same as pVec-rIuc-106-
fluc with the exception that BamYH^yj was filled in. pl06-fluc contained 3'TE as 5'UTR. 
rluc: coding sequence of renilla luceferase gene, flue: coding sequence of firefly luciferase 
gene. 106: 106 bases of 3'TE (nt. 4817-4922); 106BF: 106 bases of 3'TE with BaniilL^^yj 
filled in. 
b. Translation of the ElNAs illustrated in Fig. 7a. in wheat germ extract. Lane 1: 
translation products of BMV RNA; lanes 2 and 3: translation product of Vec-rluc; lanes 4 
and 5: translation of vec-rluc-106-fluc; lanes 6 and 7: translation of vec-rluc-106BF-fluc; 
lanes 8 and 9: translation of 106-fluc. Lanes 2,4, 6,8: capped mRNAs; lanes 3,5,7 and 9: 
uncapped mRNAs. The molecular weight markers were labeled at the left of the gel. The 
migration position of flue and rluc were labeled at the right. 
Fig. 8. a. Effect of the eIF-4F on the translation of capped and uncapped PAV full-length 
transcript and uncapped PAV transcript with the defective 3'TE filled in). 
Lanes 1-5: capped PAV6 (see Material and Methods); Lanes: 6-10: uncapped PAV6; Lanes 
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11-15: uncapped PAVBF6. The amount of exogenous eIF-4F added into the translation 
reaction is indicated at the top of the gel The main translation products are labeled at the left. 
b. Specificity of the effect of eIF-4F on translation. Lane 1: translation of uncapped 
PAV6; Lanes 2-8: translation of uncapped PAVBF6; lanes 3-5: exogenous eIF-4F added as 
labeled at the top of the gel; Lanes 6-8: BSA was added at the amount as labeled at the top of 
the gel. 
Fig. 9. Different response to 3'TE inhibition of genomic RNA translation and subgenomic 
RNAl translation. 
a. 7ra«5-inhibition of genomic RNA translation by the 3'TE. Lane 1: translation 
product of BMV RNA; lane 2: no RNA; lanes 3 to 8: transladon of uncapped full-length 
genomic RNA in the presence of increasing amount of 3'TE as competitor RNA; lanes 9 to 
14: translation of uncapped hill-length genomic RNA in the presence of increasing amount of 
fill-in 3'TE as competitor RNA. The competitor RNA and its fold excess are 
labeled at the top of the gel. The molecular weight markers are indicated at the left of the gel. 
The main translation products of genomic RNA are indicated at the right of the gel. The 
relative translation efficiency of 39K in each lane was indicated at the bottom, with that of 
lane 3 and 9 as 100%. 
b. Tran^-inhibtion of subgenomic RNAl translation by the 3'TE. Lanes 1-5: 
translation of uncapped subgenomic RNAl with the increasing amount of the 3'TE as 
competitor RNA; lanes 6-10: translation of uncapped subgenomic RNAl with the increasing 
amount of BamYQ. fill-in 3'TE as competitor RNA; lane 11: translation products of BMV 
RNA. The competior RNA and its fold excess were labeled at the top of the gel. The 
molecular weight markers were indicated at the right of the gel. The main translation 
products of subgenomic RNA were indicated at the left of the gel. The relative translation 
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efficiency of 22K in each lane was indicated at the bottom, with that of lane 1 and 6 as 
100%. 
c. Selective fra/w-inhibition of the genomic RNA translation by the 3'TE. Lane 1: 
translation product of BMV RNA. Lanes: 2-4: translation of uncapped full-length genomic 
RNA; lanes 5-7: translation of uncapped full-length subgenomic RNAl; lanes 8-10: 
translation of both uncapped fiiU-length genomic RNAl and fiiU-length subgenomic RNAl. 
Lanes 3,6,9: in the presence of 300 fold of 3'TE as competitor RNA; lanes 4. 7, 10: in the 
presence of 300 fold of fill-in 3'TE. The main protein products of genomic RNA 
and subgenomic RNA were indicated at the right of the gel. The relative translation 
effeiciency of genomic RNA and subgenomic RNAl were indicated at the bottom. The 
translation efficiency of 39K and 22K with no competitor RNA was defined as 100%, 
respectively. 
Fig. 10. a. Different inhibitory effect of the subgenomic RNA2 on the translation of 
genomic RNA and subgenomic RNAl. Lane 1: translation product of BMV RNA. Lanes 2-
10: translation of genomic RNA; Lanes 11-15: translation of subgenomic RNAl. 
Competitor RNA in lanes 2-15: lanes 3-6, subgenomic RNA2; lanes 7-10, subgenomic RNA 
2 with die defective 3'TE; lanes 12-15, subgenomic RNA2. The amount of competitor RNA 
used is labeled at the to top of the gel. The translation efficiency of the 39K and CP protein 
is indicated at the bottom of the gel. 
b. The same as Fig. 9a, except that 70 fold of subgenomic RNA2 or mutant 
subgenomic RNA2 containing BamHl^^y filled in 3'TE were used as competitor RNA. The 
relative translation efficiency of the 39 K and CP protein is labeled at the bottom. 
Fig. 11. Model of the temporal regulation of the viral gene expression by the subgenomic 
RNA2. 
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CHAPTER 5. GENERAL CONCLUSIONS 
General discussion 
A virus is so sophisticated that it can use the host's metabolic and synthetic 
machinery for its own use. Although the viral genome has very limited coding capacity for 
the synthesis of its structural and regvilatory proteins, the extreme beauty lies in its ability to 
modify the host's metabolic system for its own use. Hence, the virus is actively involved in 
its own replication instead of passively waiting for the host's metabolic machine to 'help' the 
virus replication. 
RNA viruses of eukaryotes usually replicate in the cytoplasm of the host cell. Thus 
the viral genome needs to maximally take advantage of die eukaryotic translation system for 
gene expression. This is achieved not only by overcoming the paradox of the need for the 
virus to maximize the coding capacity versus monocistronic eukaryotic translation 
machinery, but using its own sequence to regulate its replication as well. 
In order to exist, a virus must encode the necessary genetic information for the 
replication and spread. Thus, an RNA virus usually encodes several proteins, at least a 
capsid protein and a component of replicase. Therefore, most RNA viruses (except those 
virus encoding a polyprotein, such as picomavirus) are polycistronic in structure. Because 
the eukaryotic translation machinery favors monocistronic EWA, the virus must evolve 
strategies to translate the 5'-distal ORFs or synthesize the intermediate mRNA (called 
subgenomic RNAs) to allow the 5'-distal ORFs to become 5' proximal structurally. As the 
positive sense viral RNA acts as mRNA directiy, the regulatory elements to achieve 
translation of 5" -distal ORFs must be cw-signals in the viral RNA. These cw-elements in 
the viral RNA actively regulate the eukaryotic translation machinery to express die 5' distal 
ORFs. Therefore most, if not all positive sense viral RNAs are functionally monocistronic, 
in the viewpoint of translating ribosomes. 
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Barley yellow dwarf virus, PAV serotype, is an excellent example to fulfill the 
transformation from the stmcturally polycistronic RNA into fiinctionally monocistronic 
RNA. The 60K ORF is the second ORF on the genomic RNA (chapter 1, Fig. 2). 
However, it becomes the part of the first ORF (a fiision protein of 39K and 60K) on the 
genomic RNA by frameshifting mechanism. A shifty heptanuclotide, as well other cis-
signals control this unusual translation event (Brault and Miller, 1992; Di et al., 1993). The 
mechanism of the interaction between the cw-signal that controls the frameshifting event and 
the decoding ribosome maintains the critical ratio of 99K to the 39K products. The CP ORF 
becomes 5' proximal because of the production of the subgenomic RNAl during virus 
replication (chapter 1, Fig. 2). Although the 17K ORF is not a 5' proximal ORF on the 
subgenomic RNAl, its translation is achieved by the ribosomal leaky scanning mechanism, 
by which a portion of scanning ribosomes bypass the first start codon because its suboptimal 
primary sequence surrounding it and initiate at the start codon of 17K ORF (Dinesh-Kumar 
and Miller, 1993). Hence, the I7K ORF is a 'partial' 5' proximal ORF. The 50K ORF 
becomes part of the a 5' proximal fusion protein, 72K, through stop codon readthrough 
(Brown, Dinesh-Kumar, and Miller, 1996). The 6.7K, if it is translated during virus 
replication, is translated from subgenomic RNA2 (Kelly etaL, 1994), on which it is 5' 
proximal ORF. Therefore, translation of all the six ORFs fits well into the monocistron 
favored eukaryotic translation mechanism by the regulatory signals on the viral RNA. Most 
of these fantastic regulatory mechanism have been cracked by my colleagues in Dr. Miller's 
laboratory (Millereta/., 1995). 
The various c/j-signals that actively fit the translation of the viral RNA into the 
monocistron favored eukaryotic translation machinery only provide the possibility of the 
viral gene expression. The realization of these viral gene expression requires that the viral 
RNA become translationally favored RNA in the host cell. Considering that the favored 
RNA for translation in the eukaryotic cell is 5' capped and 3'polyadenylated, lack of 5' cap 
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and 3'poly(A) tail on the BYDV-PAV genomic RNA put the viral RNA in a translationally 
unfavorable position. Thus, unusual translation mechanisms described above tell only part 
of the story about the gene expression of BYDV-PAV RNA. The virus must evolve 
additional strategy to warrant the efficient translation before the intmding viral RNA is 
degraded by the active ribonuclease in the host cell, because a naked RNA is more 
susceptible to the ribonuclease attack. 
During my Ph.D. study, I have found that a sequence of 109 bases (3'TE) in the 3' 
UTR of BYDV-PAV RNA strongly stimulates translation of the uncapped RNA. The 
stimulatory effect of the 3'TE requires the 5'UTR from genomic RNA or that of 
subgenomic RNAl. The interaction of the 3'TE with the 5'UTR of genomic RNA probably 
increases the affinity of the RNA to the cap-binding complex—eIF4F (Wang et ai, 1997). 
When the 3'TE is moved to the 5' end of RNA, die interaction between the 5' end and 3'TE 
is not necessary for the efficient translation of the uncapped RNA, which mimics the 
structure of the subgenomic RNA2. Therefore, the viral RNA is not capped at the 5' end 
and has no poly(A) tail at the 3' end, and thus appears inferior to the cellular mRNA with 
regard to the function of the 5' cap and 3'poly(A) tail in stimulating translation (Gallie, 
1991). However, the existence of the 3'TE in the 3' UTR of viral RNA ensures efficient 
translation of the uncapped intruding viral RNA in the sea of cellular mRNAs. Moreover, 
because the 3'TE fimction needs to interact with the 5' ends of genomic or subgenomic 
RNAl, the viral RNA virtually forms a pseudo-loop structure as proposed for the cellular 
mRNAs (Jacobson, 1996). This mRNP complex consisting of the viral RNA and proteins 
that participate in the interaction between the 3'TE and 5' end of viral RNA would 
presumably much more resistant to the ribonuclease attack in the host cell. Therefore, the 
mechanism of the 3'TE function ensures the viral RNA to be a translationally favored RNA. 
First of all, translation of 39K and 60K ORFs are realized by die interaction of 3'TE and 
5'UTR of genomic RNA to stimulate translation of the uncapped RNA, as well as 
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frameshifting mechanism. Secondly, translation of the 22K, 17K and 50K are realized by 
the interaction of the 3TE and 5UTR of subgenomic RNAl to stimulate translation of the 
uncapped RNA, as well as ribosomal leaky scanning and stop codon readthrough 
mechanisms. Thirdly, translation of the 6.7K ORF, if it exists during virus replication, is 
realized by the stimulatory effect of the 3'TE when it is located at the 5' end of RNA. The 
active translation of the genomic RNA as well as the subgenomic RNAs may prevent them 
from RNase attack in the host cell, although the RNAs are not capped. 
Virus replication in the host cell requires temporal regulation of the viral gene 
expression. The most well-studied example is the regulation of gene expression of X phage, 
in which the expression of the early and late viral genes are temporally regulated by viral 
gene products mainly at the transcriptional level. Obviously, the replication of BYDV-PAV 
must be regulated at the level of subgenomic RNA production and translation level, because 
the replication occurs in the cytoplasm of the host cell. Because the mechanism of 
subgenomic RNA synthesis is not clear in BYDV-PAV, I will focus the discussion of the 
regulation of virus replication on the translation control. The organization of the ORFs on 
the BYDV-PAV genomic RNA, as well as the functions of the gene products determines the 
temporal order of the gene expression. The gene product of 99K, a putative RNA dependent 
RNA polymerase(Mayo and Ziegler-Graf, 1996; Miller etai, 1995), is presumably 
expressed at the early stage of virus replication. This is consistent with the feature that the 
3'TE interacts only with the sequence having a free 5' terminus, thereby the 3'TE selectively 
stimulates translation of the 39K and 99K proteins from the genomic RNA, although the 
sequence corresponding to the 5'UTR of subgenomic RNAl is also present on the genomic 
RNA. Similarly, the 6.7K ORF can not be translated from the genomic iU^A, because the 
3'TE lacks intemal translation initiation activity. The coat protein (Miller et al. 1988)and 
proteins responsible for aphid transmission and ceU to cell movement are presumably 
expressed at the late stage for the virus packaging and virus systemic spread in the plant 
138 
(Chay etal., 1996). The temporal control of these protein production may be achieved by 
the subgenomic RNAl synthesis. These proteins are translated through the interaction of 
the 3'TE with the 5'end of subgenomic RNAl. Thus, the early gene product and late gene 
product are temporally regulated. 
For productive virus amplification, the relative amount of each gene product must be 
regulated. While the ratio of the early gene products (39K to 99BC) is well regulated by the 
frameshifting rate, the ratio of late gene products (72K, 22K, and 17K) protein is controlled 
by the stop codon readthrough rate and ribosomal leaky scanning rate. The relative amount 
of early gene products versus the late gene products must also be regulated, especially for the 
coat protein and RNA dependent RNA polymerase, because proper ratio of these two 
proteins are essential for the virus packaging. This is exemplified by the study of yeast LA 
double stranded RNA virus replication (Dinman and Wickner, 1992). In this study, it was 
found that productive virus replication requires the coordinate production of the RNA 
dependent RNA polymerase and coat protein. The ratio of RNA dependent RNA 
polymerase to the coat protein, in this case, is regulated by the frameshifting signal. In case 
of the BYDV-PAV, because the coat protein and RNA polymerase are expressed via 
different RNAs, the ratio of these two RNAs must be regulated by a different mechanism. 
The production of the subgenomic RNA2 during virus replication may play an important 
role in the regulation of the ratio between the early viral protein products and late viral protein 
products. This hypothesis is supported by the observation that: 1) large amount of 
subgenomic RNA2 is produced in the infected cell (Dinesh-Kumar et al., 1992; Kelly et al., 
1994); 2) Translation of the genomic RNA is much more susceptible than that of genomic 
RNAl to the rra/w-inhibition by of subgenomic RNA2. Therefore, it is concluded that die 
switch from the early viral gene expression to the late stage viral gene expression may be 
achieved by the selective rra/i5-inhibition of the genomic RNA translation. The 3'TE RNA 
alone also has selective trans-inhibition activity on the translation of the genomic RNA 
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(Wang et al, 1997). Because the subgenomic RNA2 contain the 3'TE at the 5' end, the 
selective fra/w-inhibition effect of the subgenomic RNA2 on the genomic RNA translation 
may share the same mechanism as that of the 3'TE via titrating the essential trans-actiag 
factor s responsible for the cap-independent translation of genomic RNA. The reason that 
the subgenomic RNA2 or the 3'TE RNA can selectively inhibit translation of the genomic 
RNA is due to the weaker interaction between the 3'TE and the 5' end of the genomic RNA 
than that between the 3'TE and the 5' end of subgenomic RNAI. This hypothesis is 
supported by the fact that the 5'IJTR of the subgenomic RNAI inhibits the translation of 
genomic RNA more strongly than the reverse (Appendix). 
In conclusion, the 3'TE sequence in the 3'UTR of BYDV-PAV ftilfills a variety of 
functions in the virus repUcation by regulating the translation. First, it stimulates translation 
of the uncapped genomic RNA and subgenomic RNAI for the synthesis of the early viral 
gene products and late viral gene products, respectively. Secondly, the 3'TE on the 
subgenomic RNA2 selectively inhibit the translation of genomic RNA in the late stage of 
virus replication, thereby serves a switch from early stage viral gene expression to the late 
stage viral gene expression. As this is the first example showing that a viral RNA can serve 
as a regulatory element in the virus repUcation, it may shed light on the virus replication of 
other RNA viruses. 
Application of the 3'TE 
The extreme stimulatory effect of the 3'TE on translation of the uncapped mRNA can 
be exploited for the use of high gene expression. Because high gene expression is usually a 
requirement for today's plant genetic engineering. For example, the effective use of 
herbicide needs high expression of die herbicide resistance gene in the engineered plants. 
The high expression of the B.t. toxin gene is necessary for the killing of the intruding 
insects. The aim of engineering soybean or cereal is to enhance the production of certain 
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non-saturated fatty acid or protein, ttierefore also is the issue of high gene expression. 
Current genetic engineering work focuses on the increase of transcription rate of transgene. 
However, in most cases, although the transcription rate of the transgene is high enough, the 
production of the gene product is very low. This is because the transgene needs to go 
through the complicated RNA processing before being translated into gene product. 
Therefore, if there is a way to stimulate translation will be of much help for the enhancement 
of gene expression. 3'TE sequence will be usefiil in this regard. 
Is this approach feasible? Because the 3'TE stimulates translation of the uncapped 
mRNA, the transcript containing the gene of interest can be transcribed by a polymerase 
synthesizing the uncapped mRNA. Both the T7 RNA polymerase and the RNA polymerase 
in can achieve this fimction. In addition, the T7 RNA polymerase has ahready been 
successfully expressed stably in the mammalian cells, as well as in die transgenic plants. 
Therefore, the gene of interest can be translauonally fused with the essential sequence for die 
3'TE fimction and carried by the Ti plasmid into the transgenic plants that express the T7 
RNA polymerase. This system can be especially effective in the high expression of foreign 
genes in the engineered plants because: 1) the signal is amplified by two steps, the 
transcriptional level and translational level; 2) because the transcription of the uncapped 
mRNA is specific to the gene of interest, it will not disturb the normal cell metabolism. 
In addition to the application to the enhancement of gene expression, the 3'TE can be 
a very effective target for antiviral strategy. As the 3'TE acts as a master sequence in the 
virus repUcation, any approaches to specifically disrupt the 3'TE will prevent the virus 
replication in the host cell. One of the approaches is to use the antisense 3'TE sequence to 
disrupt the virus replication. As the 3'TE may fold into a higher structure, the antisense 
mRNA should be designed to target the loop sequence in the 3'TE, because our preliminary 
results indicate that the 3'TE adopt higher order structure. The 3'TE on the genomic RNA 
can also be targeted by ribozyme. Specific cleavage of the 3'TE will make tiie viral RNA 
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non-infectious. Alternatively, virus replication can be prevented by expressing the 3'TE 
RNA or the subgenomic RNA2 in the transgenic plants. The 3'TE or the subgenomic RNA2 
will competing the essential /ranj-acting factor(s) for the 3'TE function. Therefore the viral 
RNA will not be translated and replication is abolished. 
In conclusion, the discovery of the key control elements for vims gene expression 
opens a door to the design of new antiviral approach. This proves that study of basic science 
will lead to the practice. 
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APPENDIX 
This appendix section intends to collect the experimental results I have obtained 
during my Ph.D. study which do not fit in the 3 papers above. I personally believe that 
these results are important enough for the reference of the researchers who continue this 
project. As these results are derived firom different stage of my study, they deal with 
individual problem instead of focusing on a single aspect. Therefore, I discuss each 
experimental result by its own. The methods used in this section is described in the 
previous chapters. Thus the methods will not be described here unless it is new. 
The 17 base consensus sequence is not sufficient for the translation enhancement 
Because a consensus sequence of 17 bases within the 3'TE has been found in the 
subgroup I luteoviruses, necrosis virus RNA and dianthovirus (Wang et ai, 1997), I tested 
if the 17 base sequence is sufficient to stimulate translation of uncapped mRNA. To acquire 
the mRNA that has the 17 base consensus sequence, plasmid PGUS109 (see chapter 3, Fig. 
2) was digested with Aval, and translation of the in vitro transcript was compared with that 
of mRNA containing the 3'TE (109 bases) and mRNA containing no 3'TE (Fig. 1). 
Although the tnmcation of the 3'TE at the Aval site still keeps the 17 base consensus 
sequence, translation of this uncapped mRNA is as low as the uncapped mRNA containing 
no 3'TE, which is about 50 fold lower that that containing the 3'TE (Fig. 1, compare lane s 
4 and 6). Thus, the 17 base consensus sequence is not sufficient for the function of 3'TE. 
To verify this result, translation of the red clover necrosis mosaic virus (RCNMV) 
RNA was examined in wheat germ extract. RCNMV has two positive sense RNAs, ElNAl 
and RNA2, as its genome. The full-length cDNA clones of each RNAs are a gift from Dr. 
S. Lommel from North Carolina State University. The 17 base consensus sequence is 
present in the 3'UTR of the RNAl. The cDNA of RNAI was digested with Smal and 5cal, 
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to synthesize the mRNA containing the 17 base consensus sequence and that lacks the 
consensus sequence, respectively. As shown in Fig. 2, the uncapped mRNAs are poorly 
translated (10-30 fold lower then their capped counterparts), no matter whether the 17 base 
consensus sequence is present in the 3'IJTR of the mRNAs. Because RNA2 of RCNMV 
genome lacks this 17 base consensus sequence, its translation in wheat germ extract was 
performed as a control. Translation of uncapped RNA2 is 15-fold lower than its capped 
counterpart. Therefore, presence of the 17 base consensus sequence in the 3'UTR is not 
sufficient for stimulating translation of uncapped mRNA. This conclusion is further 
supported by the presence of the cap structure on both the RNAl and RNA2 of RCNMV. 
Although the dianthoviruses are related to the subgroup I luteovirus, according to the 
conservation of RNA dependent RNA polymerase on these two groups of viruses, the 
difference of the 5' terminal structure between these two groups may explain why the 
subgroup I luteoviruses have the conserved 3'TE sequence in all the 10 isolates of BYDV-
PAV, as well as closed related BYDV-MAV and SDV, whereas only the subset (17 bases) of 
the 3'TE is conserved in the dianthoviruses. 
3'TE also Junctions on the luciferase reporter gene 
In chapter 4, it was shown that the 3'TE (109 bases) confers the cap-independent 
translation on the firefly luciferase reporter gene, when the 3'TE was located in the 5' end of 
the reporter gene. To test the specificity of the 3'TE function on the translation of luciferase 
reporter gene, the 3'TE was mutated by four base (GAUC) insertion at he 5amHl4837 site of 
the 3'TE. As shown in Fig. 3, the uncapped luciferase mRNA with the defective 3'TE is 
about 25 fold lower than that containing the wild-type 3'TE. Thus, four base (GAUC) 
duplication in the 3'TE completely destroyed the function of the 3'TE, consistent with the 
observation in the context of GUS reporter gene (chapter 3, Fig. 8). 
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The effect of the poly(A) tail on the function of the 3TE was also tested in the 
context of luciferase gene. As shown in Fig. 3, poly(A) tail does not have additive effect 
with the 3'TE on translation of uncapped mRNA in wheat germ extract, which is consistent 
with the observation in chapter 3. 
The sequence within nt 4513 to nt 4816 is required for the 3 'TE function in vivo 
Previously, I reported that the full activity of the 3'TE in stimulating cap-
independent translation in vivo requires additional sequence (nt 45l3-nt.5677) in the 3' end 
of BYDV-PAV genome (chapter 3, Fig. 2). To narrow down this sequence, a fragment of 
nt. 4817-nt 5677 was cloned to the 3' end of GUS gene, so that nt. 4513-nt. 4816 was 
deleted. To make this clone, fragment corresponding to nt 4817- nt 5677 was amplified 
using primers: 5'GCGGAGCTCAGACAACACCACTAGCAC 3' and ws 1328. The PGR 
fragment was digested with Sad and £coRI, and then cloned into EcoRLSacl digested 
pSLl 180, giving rise to p800A. The BamHl-EcoRl fragment from p800A was cloned into 
BamHl-EcoKL digested pPGUS 109 so that the fragment of nt.4817 - nt 5677 along with a 
poly (A) tail was cloned to die 3' end of GUS gene. This clone was called pPGUS800A. 
The effect of the deletion of nt 4513-nt 4816 on translation of uncapped mRNA was 
first evaluated in wheat germ extract. pPGUS800A was linearized widi Pstl, Smal and 
EcoRI, respectively, and the uncapped mRNA was synthesized in vitro. 0.2 ug of each 
species of mRNA was translated in wheat germ extract (Promega), according to the 
manufacturer's instruction. As shown in Fig. 4a, deletion of fragment nt. 4513-nt. 4816 
had no significant impact on the 3'TE function in vitro (Fig. 4a, compare lanes 5,6, 7 to 2, 
3, 4). 
The effect of deletion of nt.4513-nt 4824 on the function of the 3'TE was further 
tested in vivo. 30 ug of each species of uncapped mRNAs as used in the in vitro experiment 
was electroporated at 250V into oat protoplast. After 20 hr incubation, the protoplasts were 
146 
collected and lysed for GUS assay, according to Dinesh and Miller (1993). The result was 
summarized in Fig. 4b. Deletion of fragment of nt.4513-nt. 4816 in the 3' end of B YDV-
PAV abolished the fimction of the 3'TE in stimulating translation of uncapped mRNA in 
vivo. Thus, at least portion of diis fragment is required for the function of the 3'TE in vivo. 
The 5' terminal 55 nucleotides of BYDV-PAV RNA is not required for the 3'TE function in 
vitro. 
To identify the portion of SUTR of genomic RNA of BYDV-PAV that is required 
for the 3'TE ftinction, deletion was made in the 5UTR of its genome by Bal 31. Plasmid 
pPAV6 was first digested with Not I, and then treated with Bal 31 and Klenow fragment. 
The treated DNA was digested with Smal, and cloned into 5mfll-digested pGEM3Zf(+), 
giving rise to pBalBS. Deletion of the 5' terminal 55 bases had no significant effect on the 
3TE function in enhancing translation of uncapped mRNA (Fig. 5, compare lane 4 to lane 
3). 
3'TE functions when it is moved to upstream of the 5'UTR of genomic RNA 
Because the 5' terminal 55 bases are not required for the function of the 3'TE when 
the 3'TE is located at the 3'UTR, the 3'UTR was moved to the 5' end of the shortened 
5'UTR of BYDV-PAV RNA. This was achieved by cloning the Acc55I fragment from 
pBalB5 into the Acc55I-digested pTE, giving rise to pTEBal. This plasmid was digested 
with Smal to synthesize the RNA having the 3'TE and 86 bases of genomic RNA 5'UTR as 
leader sequence (Fig. 6, lane 6), with no 3'TE at the 3'UTR. Translation of this mRNA was 
almost as efficient as the mRNA containing the 3'TE at the 3'UTR with 86 base of genomic 
RNA 5'UTR as a leader. (Fig. 5 , compare lane 6 to lane 4). 
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Mutation of the start codon of 6.7K ORF has no effect on the production of39K protein as 
well as 99K protein in vitro. 
Because the 3'TE was narrowed down to the fragment from nt 4817- nt.4925, which 
has the start codon of the 6.7K ORF, I tested if the start codon of the 6.7K ORF is required 
for the fimction of the 3'TE. A point mutation mutant (AUG->AUC, AUG is the start 
codon of 6.7K ORF) of BYDV-PAV cDNA (Di, 1992) was used to test the translation 
efficiency of 39K protein in wheat germ extract. As shown in Fig. 6, mutation of the start 
codon of 6.7K ORF has no signiJBcant effect on the stimulatory activity of the 3'TE on 
uncapped mRNA translation (Fig. 6, compare lanes 1 and 2). Also, this mutation has no 
significant effect on the frameshifting rate to produce the 99K protein (Di, 1992). 
The 3 'TE in the 3 'UTR inhibits translation of capped mRNA when the defective 3 'TE is 
present in the 5'UTR. 
As observed in the chapter 4, translation of the uncapped mRNA with the defective 
3'TE in the 5'UTR is very low (chapter 4, Fig. 8). I speculated that addition of a wildtype 
3'TE at the 3'UTR would rescue the translation of this uncapped mRNA. Therefore, 
construct pTEBFPGUSTE was made to test this hypothesis. Surprisingly, the wildtype 
3'TE in the 3'UTR did not rescue the translation of the uncapped mRNA with a defective 
3'TE in the 5'UTR. Instead, addition of the 3'TE to the mRNA containing a defective 3'TE 
in the 5'UTR caused the capped mRNA untranslatable (Fig. 7). The reason for this result is 
not clear yet. 
The 3TE RNA is more competent in translation inhibition than the cap analog 
Both the cap analog (chapter 2, Fig. 5) and the 3'TE RNA (chapter 3, Fig. 5) can 
rra/z5-inhibit translation. To compare the inhibitory effect of these two components, 
translation of uncapped full-length transcript was performed in the presence of these two 
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inhibitory components, respectively (Fig. 8). As shown in Fig. 8, the 3'TE is much more 
competent in the translation inhibition than the cap analog in wheat germ. The translation 
inhibition by the cap analog is believed to titrate the limiting eIF-4F, no matter the mRNA is 
capped or not, because the uncapped mRNA also requires the eIF-4F, but at much higher 
level (Fletcher, 1990; chapter 4, Fig. 7). On the other hand, the 3'TE RNA mediated 
translation inhibition could be due to either directly competing for the eIF-4F or competing 
for eIF-4F through another trans-actxag factor. This result could be either due to the 
difference of eIF-4F affinity between cap analog and 3TE RNA, or the presence of a trans­
acting factor required for c/j-3TE mediated translation stimulation, which is in lower 
amount than eIF-4F. These two possibilities are not mumally exclusive. Results from 
translation inhibition of capped mRNA lacking 3TE in cis by cap analog and 3TE RNA 
suggests that 3TE RNA has higher affinity of eIF-4F than the cap analog (compare chapter 
2, Fig. 5 with chapter 4, Fig. 2). This result may not be applied to the comparison between 
RNA containing the 3TE and mRNA containing 5' cap, because the cap analog is a 
dinucleotide which is different from a 5' cap present on the long stretch of polynucleotides. 
The 5'UTR of genomic RNAI inhibits translation of the genomic RNA more effectively 
than the other way around 
The 5'UTR of subgenomic RNAI (start from nt. 2670) amplified using primers, 
swl707 and swl811. The PGR product was then digested with Notl and EcoRI, and cloned 
into Notl-EcoBl digested pSL£22. The RNA corresponding to the 5'UTR of subgenomic 
RNAI was synthesized in vitro using £coRI linearized plasmid. The RNA corresponding to 
the 5' end of genomic RNA was synthesized in vitro from CspASl linearized pPAV6. These 
two RNAs were used as competitor RNAs in the translation of genomic RNA and 
subgenomic RNAI, respectively. As shown in Fig. 9,5'UTR RNA of subgenomic RNAI 
rra«5-inhibited translation of genomic RNA more significantiy than die other way around. 
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Figure 1. Truncation of the 3'TE at the Aval site abolished the function of the 3'TE. 
pPGUS 109 were linearized with EcoICRI, Aval and EcoRl, respectively and the EINA 
were transcribed in vitro. Translation of the various transcripts was performed in 
wheat germ extract. The relative translation product from each RNA were labeled 
at the bottom of the gel. 
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Figure 2. Translation of the red clover necrosis mosaic virus RNAs in wheat 
germ extract. 
Lanes 1 and 2: Smal linearized pRCl; Lanes 3 and 4: Seal linearized pRCl; 
Lanes 5 and 6: Smal linearized pRC2. Lanes 1, 3 and 5: capped RNA; Lanes 
2,4 and 6: uncapped RNA. Lane 7: BMV RNA. The translation products of 
BMV RNA were labeled at the right. The main translation product of RNAl 
and RNA2 were labeled at the left. 
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Figure 3. Translation of luciferase gene with various 5' and 3' ends on the mRNA 
in wheat germ extract. 
The plasmids and the restraction enzymesto linearized the plasmid for in vitro 
transcription were indicated on the top of the gel. The 5' LTTRs in the mRNAs 
of lanes 3-10 are: lanes 3,4 and lanes 7,8: the 3'TE; lanes 5, 6 and lanes 9, 10: 
the defective 3'TE. The 3'UTRs in lanes 3-10 are: lanes 3-6: no poly(A) tail; 
lanes 7-10: a poly(A) tail of 30 A's. Lane 3, 5,7,9: capped mRNA; lanes 4, 6, 
8, 10: uncapped mRNA. Lane 1: translation product of BMV RNA; lane 2: 
no RNA. The relative translation efficiency was indicated at the bottom. 
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Figure 4. Effect of deletion of nt.4513-nt.4816 on the 3'TE function. All the mRNAs 
are uncapped and have the 5'UTR of genomic RNA as leader. 
a. Effect of deletion of nt.4513-nt.4816 on the 3'TE function in vitro. The plasmids 
and the restrction enzymes used to synthesize mRNA are labeled at the top of the gel. 
Relative translation efficiency of GUS gene was labeled at the bottom. The 
molecular weight marker is labeled at the left. 
b. The same uncapped transcripts as used in Fig. 4a but in different order, were tested 
for GUS gene expression in vivo. The RNA with different 3'UTR was indicated at 
the left. 
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Figure 5. Effect of deletion at the 5'UTR of genomic RNA and movement of the 3'TE to 
the 5' end of mRNA on the function of the 3'TE in wheat germ extract. 
Lane 1: translation product of BMV RNA; lane 2: no RNA; lane 3: uncapped full-length 
B YDV-PAV transcript; lane 4: uncapped B YDV-PAV RNA with the 55 base deletion at 
the 5' teminus; lane 5: the same as lane 4, except that the 3' end of RNA is truncated at 
the Seal (nt.4513) site; lane 6: uncapped mRNA with 3'TE and the 86 base of 5'UTR of 
B YDV-PAV as leader sequence. The plasmids and the restriction enzymes used to digest 
plasmid for the synthesis of uncapped mRNA are labeled at the top. The molecular 
weight markers are labeled at the left. The main translation products from the tested 
RNA are labeled at the right. 
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Figure 6. Comparison of translation of wildtype full-length transcript and the 
transcript with a start codon mutation of 6.7K ORF in wheat germ extract. 
Lane huncapped fiill-iength transcript of BYDV-PAV; lane 2: uncapped RNA 
as lane 1 except that the start codon of 6.7K is mutated to AUC; lane 3: BMV 
RNA. The molecular weight marker is labeled at the right of the gel. The 
main translation products of BYDV-PAV RNA are labeled at left. The relative 
amount of 39K protein and frameshift rates for the two transripts are labeled 
at the bottom. 
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Figure 7. Presence of the 3'TE at the 3' end and the defective 3'TE at the 5' end inhibit 
translation of capped mRNA. 
a. Agarose gel showing the RNA used in the Fig. 7b. Lane 1: RNA ladder. The 
molecular weight of each band of the markers are shown on the left. Lanes 2-11: 
the same RNAs of corresponding lanes in Fig. 7b. Each lane is loaded in 0.2 ug RNA. 
b. In vitro translation of the RNA in Fig. 7a. The 5' leader and 3'UTR on the m^NlA 
in lanes 2-11 are as following. Lane 2 and 3: leader, 5'UTR of genomic RNA; 
3'UTR, none. Lanes 4 and 5: leader, 3'TE and 5'UTR of genomic RNA; 3'UTR, none. 
Lanes 6 and 7: leader, 3'TEBF and 5'UTR of genomic RNA; 3'UTR, none. Lanes 8 
and 9: leader, the same as lanes 6 and 7; 3'UTO, 3'TE. Lanes 10 and 11: leader, 3'TE; 
3'UTR, none. Lane 1: translation product of BMV RNA. The molecular weight markers 
are labeled at the left. P in the construct name indicated the 5' end of BYDV-PAV RNA. 
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Figure 8. Comparison of the trans-inhibitory activity of the cap analog and 
3'TE. The m^A used in the reactions is uncapped PGUS 109. The trans-
competitor RNA is either cap analog (New England Biolabs) or the 
uncapped 3'TE RNA. 
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Figure 9. Effect of the 5' end of subgenomic RNAlon the translation of genomic RNA 
and the effect of the 5' end of genomic RNA on the translation of subgenomic RNAl. 
The mRNA and competitor RNA used in the translation reaction was labeled at the top 
of the gel. The relative translation efficiency of gennomic RNA (39K) or subgenomic 
RNAl (22K) was labeled at the bottom of die gel. 
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